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Three-dimensional Aspects of t he  Operation of the Semi- 
c i r cu la r  Canals  
Nystagmus and Body Control for  Inputs of Repeated P a t t e r n s  
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The Dynamics of the  Semic i rcu lar  Canals  
Otolith Functions and Operating Principles .  Part I. The 
Functions of the Otoliths 
The Functions and Operating P r inc ip l e s  of t he  Otolith 
Organs. Part 11. The Mechanics of the Otolith Organs 
The Functions and Operating P r inc ip l e s  of t he  Otolith 
Organs. Part 111. The Interpretation of "Single Fiber" 
o r  "Few Fiber"  Recordings. 
Th i s  f inal  r e p o r t  includes the  following th ree  par t s :  
Part I Summary  of Repor ts  
Part I1 
Part 111 
Conceptual Simulation of t he  System of Spatial Repre-  
sentation and the Disturbance it May C r e a t e  
The Orientation of Man in Space Explorations. 
Rober t  Mayne, the author  of the  repor t ,  was P r inc ipa l  Invest igator  on the  cont rac t  
and is now with Arizona State University following h is  r e t i r emen t  f r o m  Goodyear 
Aerospace  Corporation. 
NOTE: Refe rences  are  keyed to  the  bibliography in the  or iginal  reports .  
instance,  2-1083 r e f e r s  to re ference  2 in r e p o r t  GERA-1083. 
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INTRODUCTION AND SUMMARY 
The investigation covered by Contract  NAS9-4460 had for a main objective a s e a r c h  
fo r  a be t t e r  understanding of the operation of the s y s t e m  of orientation in space  and 
the possible associated disturbances.  
how man can bes t  be conditioned for space environment; predict  what reac t ions  
may be expected in si tuations not y e t  encountered in space,  a s  in a rotating platform 
o r  walking on the moon; and possibly indicate what coun te rmeasu res  may be effec- 
tive in minimizing likely disturbances.  
It was hoped that  the investigation would show 
It is felt that  t he  p r o g r a m  has  been successful in  achieving its major  objectives. 
A c l e a r  theory of what malfunctions of the sys tem of spa t ia l  orientation a r e  likely 
to 3cc;lr in environments  o ther  than 1-g without previous adaptation is now avail- 
able. The theore t ica l  conclusions appea r in genera l  ag reemen t  with experimental  
data repor ted  i n  the l i t e ra ture .  The present  r e p o r t  indicates that  while flight ex- 
per ience  and flight t ra ining have seemed effective conditioners for space  flight i n  
a capsule  o r  f r e e  floating in  space,  they may not be appropriate  f o r  other  environ- 
ments  such a s  a rotating space  platform o r  walking on the moon. 
The p r o g r a m  under  the above contract  sought a n s w e r s  to specific prac t ica l  pro- 
b l ems  and therefore  fell into the c l a s s  of "Applied Resea rch"  a s  the t e r m  is usually 
defined. C u r r e n t  vest ibular  theory,  as revealed in a l i t e r a tu re  survey,  did not 
appear  to supply the basic  background for such an applied investigation. It was 
necessa ry ,  therefore ,  to  begin the  p rogram with a broad basic  investigation. 
Distinction between bas ic  and applied r e s e a r c h  is often a rb i t ra ry .  
pointed out  tha t  significant t ru ths  may lie hidden in a "no man's  land" between 
scientific disciplines.  It s e e m s  to the author that  other "no man's  lands" may 
have  been c rea t ed  within the s a m e  disciplines by the classi f icat ions of scientific 
work into "Basic  R e s e a r c h ,  " "Applied Research,  " "Advanced Development, " 
"Development, " etc. 
not wander  f a r  f rom the cen t r a l  objectives. 
previously mentioned r e p o r t s  may not be directly applicable to the problems of man 
iii s p c e ,  it a?! c s c t r i b u t ~ d  tn provide a rounded-out picture  of the sys t em as a 
whole and in th i s  sense  to the cen t r a l  objectives of the program.  
Norber t  Wiener 
A s  the case may be,  the prel iminary background studies did 
While a l l  the  ma te r i a l  covered  in the 
-1- 
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The p r e s e n t  concluding r e p o r t  shows tha t  among the var ious  f ea tu res  of the  vest i -  
bular  sys t em investigated in  the background s tudies  t h e r e  is one which is mos t  
likely to  cause  d is turbances  when a man i s  t r a n s f e r r e d  f r o m  a n  e a r t h  to a weight- 
l e s s  environment  without previous adaptation. This  fea ture  is re la ted  to the de te r -  
mination of the direct ion of the  ver t ica l ,  and the attempted cancellation of the e f fec t  
of gravi ty  during head movements. 
the  otoli ths and s e m i c i r c u l a r  canals  operating synergetically.  
about the validity of the theory is brought out  f rom experimental  data  taken f rom 
the l i t e ra ture .  
These functions a r e  said to be  per formed by 
Strong evidence 
The r e p o r t  indicates  how flight t ra ining is effective in conditioning man for  the 
space  environment  encountered t o  date ,  but points out that  th i s  conditioning may 
not be appropr ia te  in  the c a s e  of rotat ing space p la t forms  and walking on the moon 
s u r  fac  e. 
It was s ta ted in  the  proposa l  fo r  Contract  NAS9-4460 that  an idea l  goal would be one 
of cons t ruc t ing  a computer  analog which would p red ic t  the  probabili ty tha t  d i s tu r -  
bances  would occur  i n  a specific environment. It w a s  not expected tha t  such an 
objective would be attained during the contract ing per iod,  but tha t  the  discipl ine 
. .  
rrf hnldinm tc c1i-h uuuu 0 g v u A  r r r r 0 1  ~ ~ r n q ~ 1 A  v v v u A u  m-lrn L u u n b  fnn L v A --no+nn e A u L ~ r y  - 1 n n . C ~ ~  uuu nnrl r r5ul .  -:-fin 
"I  "'*..l"b Li 2 similar 
vein s o m e  fifteen y e a r s  ago, Mayne, then with Goodyear, undertook the design of 
an analog computer  se tup  t o  s imula te  the  per formance  of a pilot i n  maintaining 
an aircraft a t  the p rope r  att i tude when acted upon by random ve r t i ca l  gusts.  
The compute r  se tup  which w a s  devised under t h i s  cont rac t  provided an excellent 
s imulat ion which w a s  pract ical ly  indistinguishable f rom that of the  actual pe r fo r -  
mance of a pilot. The  investigation made a significant contribution t o  the  under- 
standing of t he  cont ro l  of body movements  and is frequently quoted in the l i t e ra ture .  
It goes  without saying tha t  a computer  simulation of the d is turbances  that  may be 
caused bjr weight lessness  is far m o r e  complex than one of a hand movement i n  
t racking  a r andom input. The theore t ica l  concepts a r e  much m o r e  elusive and 
difficult to  e x p r e s s  in conc re t e  t e r m s .  They include: 
1. A theory  of motion-sickness-type d is turbances ,  s ince th i s  is the type 
m n c t  l ike ly  tQ nCfCflJr in a space enyirnr_menti The thenry shnlzld state 
-2 - 
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what physiological events  may be taken as c a u s e s  of t h e s e  d is turbances ,  
o r  as inputs to  assumed physiological-psychological t ransducers .  
computer  simulation must  be, natural ly ,  l imited to  such  physiological 
inputs as t h e r e  is no way to reproduce a conscious react ion in a physical  
model. 
A theory of the sys t em of spa t ia l  representat ion and of the  p a r t  played by 
va r ious  s e n s o r s  
A 
2. 
3. A theory of perception and of the interpretat ion of sensory  data  
4. A theory of adaptation 
5. A theory of the operat ion of the sys tem of spa t ia l  or ientat ion under  
both n o r m a l  and space  environments. 
These  theo r i e s  should b e  in mechanizable form. 
cep t  I., consc ious  reac t ions  such  as  nausea,  sensat ion of velocity, s u r p r i s e ,  etc. 
cannot be  duplicated in a physical  device. 
logical  c a u s e s  of t hese  reac t ions  i f  they can  be discovered and i f ,  indeed, they 
exist. The  at tempted simulation should establ ish both the possibi l i t ies  and the  
i imi ta t ions  of a mouei which exciudes aii consc ious  iteiiciioiis. 
A s  indicated in theoret ical  con- 
Simulation must  be l imited t o  the physio- 
Th i s  concluding r e p o r t  wi l l  outline conceptually how such a computer  may be 
designed for  a simplified situation. It w i l l  recommend that  the construct ion of 
models  of va r ious  a spec t s  of the vest ibular  and spa t ia l  representa t ion  s y s t e m s  
with a s soc ia t ed  d is turbances  be undertaken in future  programs.  Such a discipl ine 
calls f o r  greater r i g o r  and c l a r i t y  and makes possible  e a s i e r  communication with 
o the r  r e s e a r c h  workers .  
A s imulat ion of t he  comple te  sys t em,  however, would be quite complex and it is 
not believed tha t  it would make  poss ib le  more  accu ra t e  predict ions than possible  
by log ica l  and intuit ive deductions once the  pr inciples  involved a r e  understood and 
c l e a r l y  demonst ra ted  in a model. 
In o t h e r  words ,  it is believed tha t  t he  at tempt  to design a physical  model  of theore-  
t ical ly  developed concepts  is as good discipline in the investigation of spa t ia l  r e p r e -  
sentat ion as it has  proved to  be  in  t h e  investigations of o the r  fields. However, 
-3- 
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once the theory h a s  been thoroughly understood and demonstrated by the model,  
the computer  would have se rved  its main purpose. 
by logical  and intuit ive deductions. 
tat ions as  a logical  approach in the  est imate  of individual var iab i l i t i es  which may 
wel l  be  dominant factors .  
Predict ion could then be  made 
The computer  is likely to have the  s a m e  l imi-  
Two well-established facts have emerged  from actual  space  fl ights t o  date: (1) s o m e  
personnel  have been dis turbed,  and (2)  other personnel  have not been disturbed. 
Amer ican  a s t ronau t s  have been par t icular ly  f r e e  of d i s turbances  while s o m e  of the 
Russ ian  cosmonauts  have been l e s s  fortunate. F r o m  th i s  w e  may conclude that 
s p a c e  environment  can  be  s t r e s s fu l ,  but that  the Amer ican  method of select ing 
and/or t ra in ing  a s t ronau t s  is effective in  conditioning them for the  environment  
encountered to  date. 
however,  tha t  it should not be concluded that s ince no difficulty has  been exper-  
ienced under conditions of space  flight in a cabin o r  free floating in space ,  d i s tur -  
bances may not occur  under  o the r  conditions, a s  in  a rotat ing space  platform o r  
walking on the  surface of the moon. It appea r s  tha t  vest ibular  adaptation during 
flight t ra in ing  is t r a n s f e r r e d  to  s i tuat ions experienced to date. 
ever. that it will he sim-ilarly t r ans fe r r ed  to  a space  rotat ing platform o r  walking 
on the moon. 
c u l t  in space  than in an e a r t h  environment. 
may  be m o r e  dis turbing than floating in space. 
va r ious  conditions m e r i t s  fu r the r  investigations. It may be necessa ry ,  a l so ,  to 
uti l ize pe r sonne l  without fl ight experience and t o  devise  f a s t e r  conditioning pro-  
cedures  than a full f l ight-training program. 
The r e p o r t  a t tempts  to account for these  findings. It shows, 
It is unlikely, how- 
The problem of adapting to  a rotat ing room may be much m o r e  diffi- 
Walking on the su r face  of the  moon 
The ma t t e r  of adapting to these  
-4- 
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PART I - SUMMARY O F  REPORTS 
Part I of th i s  concluding r e p o r t  will summar ize  briefly the r e p o r t s  previously sub-  
mit ted under  Cont rac t  NAS9 -4460. 
1. GERA-1049 - Functional a spec t s  of the sys t em of spat ia l  or ientat ion in the 
control  of body movements.  
Th i s  r e p o r t  a t tempts  to give an over-all  view of the problem as a whole. 
includes the  following topics: 
- a. Spatial  Representat ion 
Man and, presumably,  animals  keep a r e c o r d  of the position of var ious  
objec ts  i n  t h e i r  environment. This  r e c o r d  is organized with r e spec t  to  
t h r e e  axes at r ight  angles to each  other: a ver t ica l  and two horizontal  
axes. 
zat ion of the environment  such  as the length and breadth  of a room. 
r ep resen ta t ion  pe r t a ins  to both angle and dis tance with r e spec t  to the  
body. 
is moved e i the r  angularly nr l inearly,  the  representa t ion  is moved cnrres- 
pondingly, mainly as the r e su l t  of s enso ry  da ta  provided by the vestibule, 
and t h e r e f o r e  does not have to  be reacqui red  following eve ry  movement  of 
t h e  body. 
It 
The latter two may be or iented along the main axes  in the organi -  
The  
The n e c e s s a r y  data  are obtained mainly by vision. When the body 
Spatial  representa t ion  is, then, essent ia l ly  a memory  of the position of 
ob jec t s  about us,  but a memory  which is modified as needs be during 
body movements  to maintain its accuracy. 
The  s y s t e m  makes  it possible to  program body movements  to a first ap- 
proximation of accu racy  using only in te rna l  data. 
be c o r r e c t e d  as the r e s u l t  of more  p r e c i s e  e s t i m a t e s  of the environment  
suppl ied by vision. 
The p rogram may then 
-5 - 
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i n  c losed loop through proprioceptive s e n s o r s  on the b a s i s  of data  acquired 
by external  s e n s o r s  and recorded  in  the sys tem of spatial  representation. 
In o r d e r  to c a r r y  out the act of picking up a pencil, f o r  instance, it is 
necessa ry  tha t  the position of the pencil and of the f ingers  in space be 
available to the computing centers. 
c losed utilizing da ta  supplied by spatial  representat ion memory. 
head and body are moved correct ions are made on the b a s i s  of data  supplied 
by the vestibule. 
The act can be per formed with e y e s  
If the 
An iner t ia l  sys t em based on a double integrationof accelerat ion is requi red  
to determine motions of the body as a whole, while proprioceptors  de t e r -  
mine motions of the a r m s  and fingers with r e spec t  to  the body. It is s ig-  
nificant tha t  monkeys having suffered b i la te ra l  labyrinthectomies can  
adapt fa i r ly  we l l  to  t h e i r  environment but experience a l o s s  of agility f o r  
over-al l  body movements! I t  is in these  movements  tha t  vest ibular  sen-  
s o r y  data  are required.  
- c. Shift of Sensed Body Posit ion 
The paper  p re sen t s  evidence from the l i t e r a t u r e  to the effect that during 
an over-all  movement of the body we sense  ourse lves  to  be displaced in 
position in the direct ion of velocity. 
- d. Sensations 
Experimental  evidence is to  the effect tha t  physiological react ions are not 
predictable without control of other  react ions which may be called "psy- 
chological. The  magnitude of nystagmus , f o r  instance , depends upon 
reac t ions  o r  conditions such as "interest"  o r  "motivation. It It follows 
t h a t  biological s y s t e m s  can  only be understood i n  t e r m s  of a psychological- 
physiological context. 
t h i s  h a r d  fact into account. 
Any successful approach to life sciences mus t  take 
Sensations, as conscious react ions , fa l l  into the class of "psychological" 
reactions.  It is apparent  t ha t  all electrical activities in  the CNS may not 
r e s u l t  in  sensations.  
to-psychological t ransducers .  
I t  is useful t o  postulate the exis tence of physiological- 
While it is not possible to  descr ibe  t h e i r  
'22 - 1049. 
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mechanisms,  o r  to build a computer  s imulat ion of the operation, it is 
possible  to say  something about t h e i r  input-output re la t ions.  
t he  sys t em tends to e l iminate  psychological reac t ions  and sensa t ions  in  the 
control  of body movements  and r e fe r  them to the physiological system. 
T h i s  is achieved by so -called "training" o r  "conditioning. Sensations 
reappear ,  however, when a conflict o r  unexpected sensua l  data  is ex- 
perienced. T h e r e  is no sensation of velocity, f o r  instance,  when playing 
a game of tennis,  but a s t rong  sensation when we a r e  suddenly stopped 
following a per iod of constant rotation. 
Normally, 
Sensations are in par t ,  therefore ,  a l a r m  reac t ions  warning higher  leve ls  
of consc iousness  t h a t  all  is not well and the i r  attention is required.  
A theory  of motion s ickness  belongs in  th i s  psychological -physiological 
context. 
e. - Percept ion  
Percept ion  is d iscussed  as a low leve l  intell igence which in t e rp re t s  s en -  
s o r y  data  before  they a r e  acted upon. 
depend on logical  operat ions and bound by "se t  conditions" de te rmined  by 
p a s t  experiences.  The c lass ica l  i l lusion of a rotat ing t rapezoidal  window 
which appea r s  to be an oscillating rec tangular  window may be sa id  to 
r e s u l t  f rom a logical  interpretat ion of visual  data with the imposed " se t  
condition" tha t  the window is rectangular.  
of having observed  nothing but rectangular  windows in pas t  experience.  
Conflicting da ta  f r o m  var ious  sense  o rgans  are first evaluated in percep-  
t ion and the reac t ion  to t h i s  evaluation is believed responsible  f o r  the 
reac t ion  of sensa t ions  including nausea. 
s a r y  to a theory of motion s ickness .  
The in te rpre ta t ion  is shown to 
Th i s  set condition is the r e s u l t  
A theory of percept ion is neces-  
1 
- f. Adaptation 
Adaptation is descr ibed  as a process  according to which the response  to 
o r  the  in te rpre ta t ion  of s enso ry  data  is a l te red ,  genera l ly  to the advan- 
t age  of the organism.  
of motion s ickness .  
Adaptation is of pa r t i cu la r  significance to a theory 
Psychoiogicai reac t ions  art: said io resiilt fr~rr; 
'32 - 1049 
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conflicts between senso ry  data  of different modalit ies o r  between predic-  
tion and experience.  
by harmonizing senso ry  data through compensatory reactions,  making 
adjustment to the prediction, o r  suppressing senso ry  data. 
of nausea, as in motion sickness,  are believed to  r e s u l t  general ly  in 
senso ry  suppression. 
monize senso ry  data. 
Adaptation then may opera te  to  reduce the confiict 
Sensations 
Other  sensations may r e s u l t  in  a tendency to h a r -  
g. Motion Sickness 
A s  s t a t ed  above, a theory of motion s ickness  mus t  be la id  in a psycho- 
physiological context. 
developed later. 
s c i ences  are believed highly significant. 
summary ,  it is perhaps enough to  state three  conditions which appear  
necessa ry  to produce motion-sickness dis turbances re la ted  to  spatial  
orientation. 
It is hoped that a more  complete theory will be 
I t s  implications to a unified theory of physical and life 
F o r  the purpose of the present  
1. There  m u s t  be a conflict between senso ry  data o r  between 
prediction and actual experience 
2. The perception of the data must  involve a t h r e a t  
3. The i n t e r e s t  mus t  not be high. 
More specifically, motion s ickness  is visualized f o r  the purpose of t h i s  
r e p o r t  to  be caused  by a long-time integration of react ions to disunity 
accompanied by a tendency of th i s  integrated value to  decay gradually. 
When the rate of i nc rease  is f a s t e r  than the decay, a disturbance is the 
resu l t .  
si tuation may become s t r e s s fu l  only after it h a s  been experienced f o r  a 
per iod  of time. The  magnitude of the  reaction to disunity depends upon 
the  t h r e a t  implied in  the perception. 
caused  to diss ipate  faster if in te res t  is high. 
ever ,  is one of reducing in t e re s t  and the reaction, therefore ,  is self- 
regenerat ive.  A s  expressed  here ,  the theory is mechanizable. I t s  s imu-  
la t ion  would cons is t  of leaky integrator  having f o r  inputs differences 
This  concept is needed to account f o r  the fact tha t  a given 
A t  the s a m e  time, they may be 
The effect of nausea, how- 
-8 - 
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2. 
between sensory  data  and between anticipatory functions and sensory  data. 
The gain of the sys t em would be controlled as a function of t h rea t  and the 
decay as a function of interest .  Interest, in turn,  would depend on the 
integrated value in o r d e r  to simulate the reduction of i n t e re s t  with the 
sensat ion of nausea. 
While motion s ickness  can often be t r aced  to vest ibular  reactions,  it is 
equally obvious that  these cannot be the sole  cause  of motion sickness.  
The often cited case of the d r i v e r  of a car who never  ge ts  car s ick  while 
h i s  pas senge r s  may, when both are subjected to the precisely s a m e  vest i -  
bu lar  st imulation is a case in point. 
It is well known that  " interest"  has an inhibitory effect  on the tendency to 
be sick. In the Coriolis illusion, a tu rn  of the head such as to produce an  
i l lusion of pitching forward is much m o r e  disturbing than one which causes  
the i l lusion of pitching backward. T h e r e  is a g r e a t e r  t h r e a t  of a fall in 
the first than in the second case.  
These  l imited conclusions regarding motion s ickness  will suffice f o r  the 
purpose of the p re sen t  report .  A s  mentioned earlier, it is hoped to 
develop later a m o r e  rounded theory of motion s ickness .  
- h. Conclusion 
The  above r e p o r t  outl ines some  of the broader  considerat ions which must  
be taken into account in a study of possible d is turbances  in  weightlessness.  
I t  sugges ts  the manner  i n  which they in te rac t  and may be mechanized as 
d i scussed  in P a r t  I1 of the report .  
GERA-1056 - The functional pa rame te r s  of the semic i r cu la r  canals. 
Th i s  r e p o r t  is intended as a contribution to the understanding of the var ious 
physical p a r a m e t e r s  pertaining to the per formance  of the semic i r cu la r  canals. 
The  r e s u l t  of this  study would be usefu l  in  the design of an analog of the semi-  
c i r c u l a r  canal  s. 
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par t icu lar ly  t r u e  when t h e  body is subjected to a continuous rotation about 
an axis,  and the head is inclined in any direction. Th i s  r e su l t s  in the so- 
ca l led  Coriolis illusion. 
The  effect  of such a movement is computed formal ly  and a s implif ied 
method is proposed to determine the effect  of sudden head movements 
while the body is rotated at constant velocity. 
effect  that  th i s  computation cor responds  to  exper imenta l  resul ts .  
A check was made to  the 
b. Proposed  Simulation - 
The computations fo r  Coriolis illusion even by the proposed simplified 
method are  always complicated and con fusing. Fur thermore ,  the s impl i -  
f ied method appl ies  only to simple head movements. The r epor t  sugges t s  
t ha t  a model s imulat ing the response of the t h r e e  cana l s  be cons t ruc ted  
and attached to the head of a subject. 
then be obtained continuously and t h e i r  r e su l t an t s  determined by a computer  
operation. 
of the subject. 
The outputs of the t h r e e  cana ls  could 
The output of the model could then be compared  to the sensa t ions  
C. Psychnlngical  Reactinns tn Cnr in l i s  I l l i ~ s i n n s  
The  dis turbance produced by the Coriolis i l lusion depends on psychological 
as  wel l  as physical factors .  
rotat ion of the body is m o r e  disturbing than one of backward rotation. 
The  f i r s t  is assoc ia ted  with a forward fall unhampered by anything, while 
i n  the latter case the back of the  cha i r  g ives  a s e n s e  of secur i ty  against  a 
fall. 
- 
A s  indicated earlier, an i l lusion of forward 
d. - Conclusion 
The  r e p o r t  is a contribution to any model construct ion of the ves t ibu lar  
sys t em.  
s i c k n e s s  and adaptation under conditions s i m i l a r  to those encountered in  
weight lessness .  The paper  provides a s imple  method f o r  expe r imen to r s  
to  compute the Coriolis sensat ion f o r  typical exper imenta l  conditions. 
It emphas izes  the p a r t  played by psychological fac tors  in  motion 
-1 1- 
1 The paper  is based on a paper by Jones  and Spells (1963)  
sions of the semic i r cu la r  canals  to the weight of different species.  
proach appea r s  par t icular ly  appropriate  in showing how the p a r a m e t e r s  of the 
canals  may be adjusted to different dynamic requi rements  of var ious  species.  
While J o n e s  and Spells utilized dimensional analysis  in t h e i r  paper,  the above 
r epor t  relies on frequency response and e lementary  information theory. 
Jones  and Spells considered mainly two adaptable c h a r a c t e r i s t i c s  of the canals; 
i. e., response  to the maximum head angular velocity and sensitivity. 
c h a r a c t e r i s t i c s  were  considered in the report: 
re la t ing the dimen- 
The ap- 
Five 
1. 
2. 
3. Resolution 
4. Dynamic range 
5. Information rate. 
High l imi t  of frequency response 
Low l imi t  of frequency re  sponse 
The Fhysical p a r a m e t e r s  of the canals  affecting these c h a r a c t e r i s t i c s  a re  dis-  
cussed  and formulas  der ived to  relate them. It is believed tha t  the r e p o r t  gives  
an insight into t h e  mechanism of canals  in relation to t h e i r  functions in the con- 
t r o l  of body movements. 
Excellent agreement  was  found between canal dimensions as measu red  by Jones  
and Spells and canal c h a r a c t e r i s t i c s  computed on the bas i s  of weight of animals. 
3. GERA-1057 - Three-dimensional aspects  of the operation of the semic i r cu la r  
canals.  
a. Genera l  - 
T h i s  r e p o r t  rev iews  the operation of the semic i r cu la r  cana ls  when sub- 
jected to angular movements about more  than one axis. It shows tha t  when 
the movement  is within the frequency response  of the semic i r cu la r  canals,  
the velocity measu red  by every  canal is utilized to compute a resu l tan t  
velocity in t e r m s  of both amplitude and direction. 
r e s u l t s  f rom th is  operation. 
is outs ide the frequency response,  disturbing illusions may occur.  
N o  i l lusion o r  difficulty 
However, when the movement about any axis  
This  is 
L 
4 - 1083.  
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4. GERA-1080 - Nystagmus and body control f o r  inputs of repeated pat terns  
- a. Nystagmus f o r  Anticipated and Non-Anticipated Head Movements 
Th i s  r epor t  d i scusses  nystagmus in the context of body control. 
h a s  been utilized in vestibular r e sea rch  as an indication of the response  of 
the semic i r cu la r  canals. 
s h o r t  fixating per iods of a scene during a turn  of the head. 
function, the slow phase of nystagmus should be of the s a m e  velocity as 
tha t  of the head and in  the opposite direction so  tha t  the eyeballs would 
r ema in  s ta t ionary in  space  during the  fixating period. I t  appears ,  how- 
ever ,  that  f o r  inputs of movements such as s t ep  accelerat ion there  is no 
such correspondence between head velocity and slow phase nystagmus. 
T h e r e  is good correlat ion,  however, f o r  steady-state oscil lations of the 
body. 
fixation periods. 
response  to a turn  of the head. 
t he  degree  of anticipation of the movement. 
osci l la tory movement, o r  a movement of s imple  repeated pattern, t h e r e  is 
complete prediction. Siiiiiliirly, tilei-e is cvmpieie preciiction i n  the case 
of a willed movement. Experimental  da ta  show that inthe f i r s t ,  slow phase 
nystagmus is of the right magnitude to provide fixating periods. 
la ted tha t  t h i s  is also t r u e  fo r  willed movements. 
dence between head angular  velocity and slow phase nystagmus during non- 
anticipated movements  must  be explained on o ther  grounds and is d iscussed  
in  a subsequent part. 
Nystagmus 
The normal function of nystagmus is to provide 
To fulfill th i s  
Nystagmus in  th i s  case fulfills its postulated function of providing 
It appears ,  therefore ,  that  t h e r e  are two modes of 
The difference is believed to  depend upon 
In the case of a steady-state 
It is postu- 
The  lack of cor respon-  
- b. The  Leading Eye Movement 
The  r e p o r t  d i scusses  an eye movement which is superimposed on nystag- 
m u s  and is identified as "leading eye movement" o r  "lem. 'I It is shown 
tha t  in the case of steady-state oscillation, l em is superimposed on nystag- 
m u s  to  cause a shif t  of the gaze  in  the direct ion of velocity by an amount 
proport ional  to velocity. A theory of involuntary eye  movements  is dis-  
c1.ssed ill 2 later repo r t .  
-12- 
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Predict ion of Body Movements 
The  bas ic  mode of control of body movements is compared  with that of 
typical physical control. 
systems.  
body movements. 
The factor  of anticipation is d iscussed  f o r  both 
I t  is shown tha t  eye movements obey the s a m e  laws  as o the r  
P rogramming  of Body Movements 
A hypothesis is developed regarding the manner  in  which p rograms  f o r  
var ious  movements are evolved. The tendency is to re legate  the control  
t o  the non-conscious level. When, f o r  instance, a subject is oscil lated at 
a constant frequency, he experiences at f i r s t  definite sensat ions of velocity. 
These  sensat ions r e s u l t  f rom postulated physiological-psychological t r ans -  
ducers .  
s enso ry  output and thereby the sensation. 
A compensating reaction is then developed to  cancel  out the 
The  compensatory react ion is, s o  to  speak, the negative of the sensory  
pa t te rn  and provides  "anticipation" of the movement. 
on adaptation to slow rotating rooms  f i t  th i s  concept. 
Experimental  data 
Analys is  nf Data 
The data  on nystagmus by Niven and Hixson' are analyzed to show that 
t h e r e  is a ve ry  c lose  correspondence between the velocity of the slow 
phase nystagmus and body velocity, and that the gaze is shifted in the 
direct ion of velocity by an amount proportional to  velocity as the r e s u l t  
of lem.  
C o nc  lu  s io n s 
The  paper  is believed a contribution to a theory of motion s ickness  and 
reac t ions  to weight lessness  by classifying the conditions under  which t h e r e  
is unity o r  disunity between anticipatory functions and senso ry  data  and 
t h e  manner  in  which the sys tem adapts to produce harmony. The paper  
l a y s  some  of the ground-work f o r  a fur ther  development of a theory of 
eye  movements  d iscussed  in a l a t e r  report .  
m u s  is properly coordinated with body velocity when R movement  is fiilly 
This  paper  shows that nystag- 
'40 - GERA-1080. 
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anticipated. 
anticipated movements  is needed. 
A m o r e  complete explanation of nystagmus r e sponse  to non- 
5. 
6. 
GERA-1083 - The constants  of the semic i r cu la r  cana ls  
a. General  - 
I 
This  paper  a t tempts  to resolve differences that  have exis ted in  the litera- 
t u r e  regard ing  the values  of the constants of the s e m i c i r c u l a r  canal  differ-  
ent ia l  equation f o r  man. 
by Van Egmond, et al, 
These  have var ied  between 10 and 1 as proposed 
2 and 200 and 2 4  as proposed by Mayne. 
The methods used by var ious invest igators  are reviewed, 
ginally developed by Schmaltz and used by var ious  invest igators  is shown 
to be in  e r r o r .  The methods used  by Van Egmond, et al, and Niven and 
Hixson a r e  c r i t i c ized  on the grounds tha t  the ra t io  between damping and 
ine r t i a  was de te rmined  at f requencies  where  phase shift  is insensi t ive to 
the values  of these  constants. It is shown tha t  ve ry  s m a l l  e r r o r s  of angu- 
lar  measu remen t s  would suffice to account f o r  the discrepancy and tha t  
the h igher  valued constants  are consis tent  with exper imenta l  data  on f ish 
on the basis of canal d i m e ~ s i n ~ s ,  
gated. It is shown tha t  it could not account f o r  the d iscrepancies  of the 
va lues  of the constants.  
A formula  o r i -  
3 
The effect  of cupula leakage is invest i -  
b. - Conclusions 
The  weight of evidence is w e l l  in favor of the higher  valued constants.  
It is obvious tha t  if any computation o r  analog s imulat ion of s e m i c i r c u l a r  
cana l  pe r fo rmance  is to be c a r r i e d  out, the values  of the  constants  in the 
different ia l  equation mus t  be known to be an approximation be t t e r  than a 
f a c t o r  of 20 to 1. 
GERA-1085 - The dynamics of the semic i r cu la r  cana ls  
a. Genera l  -
T h i s  r e p o r t  is intended mainly as r e fe rence  in  the way of a formal  ana lys i s  
of s e m i c i r c u l a r  canal  r e sponses  based GZ the physical s t r u c t u r e  of canals.  
3 4 ~  - 1083. 2 5 - 1083. 1 2 - 1083. 
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The  r e p o r t  analyzes  the response  of the cana ls  f o r  sinusoidal inputs as  
well  as f o r  var ious t rans ien t  functions. 
and plotted in  nondimensional form to make possible the determination of 
the r e sponses  f o r  similar inputs of different magnitudes. 
Curves  were  run  on a computer  
The r e p o r t  brought out an interesting theoret ical  point. 
moved f rom one position to another, the signal f rom the canal  should be 
such  as to indicate a movement in  the direct ion of the actual head move- 
ment  of somewhat lesser magnitude than the actual one, then a slow 
r e t u r n  to  the initial position. 
take place indicates that  a compensatory react ion must  have been develop- 
e d  to  cancel out this  potential illusion. 
When the head is 
The fact that  the r e tu rn  is not sensed  to 
b. - Conclusion 
The  r e p o r t  contributes to the quantitative prediction of canal response  
based  on the classical overdamped pendulum theory. 
an unexpected r e su l t  regarding the response  of the canals  f o r  a head move- 
ment  f rom one position to another. 
The r epor t  r evea l s  
P _ Z > D A  i i n n  7. u u r r ~ - + ~ ~ ~  - Otolith functions ana  operating principles. Part I. The 
functions of the otoliths. 
- a. Genera l  
The  series of t h ree  r e p o r t s  covering otolith functions and operating pr in-  
c ip l e s  consti tute probably the most  d i r ec t  contribution of the program to 
the problem of man in  space. However, this  contribution would not have 
been possible without the previous investigation of the semic i r cu la r  canals ,  
s ince  synerge t ic  interact ions between the two s y s t e m s  are key react ions 
i n  possible dis turbances i n  weightlessness.  The  r e p o r t s  are believed to 
constitute, also, a contribution to vest ibular  theory. Some p a r t s  of the 
theory  are undoubtedly speculative and call fo r  experimental  verifications. 
T h e s e  par t s ,  however, are of more  academic  o r  scientific i n t e re s t  than 
they are of pract ical  value to the problems of man in  space. The more  
practical aspects of the theory iii its appliciiiioii tu iiiis problem appear  
-1 5- 
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b. - 
r a t h e r  well es tabl ished and could be fur ther  confirmed by s imple  expe r i -  
ments  as d iscussed  later. 
The Separation of Gravity f rom Acceleration 
Th i s  portion of the theory appears  direct ly  applicable to the problem of 
man in  space.  
The  otoli ths a r e  sa id  to function to supply the following data  to  the s y s t e m  
of spat ia l  orientation: 
1. 
2. 
The direct ion of the ver t ica l  
The l i nea r  velocity and displacement  of the body 
as a whole 
A function re la ted  to the r a t e  of change of acceleration. 
The operat ion of the otoli ths is greatly complicated by gravity. 
above functions can  only be per formed if the sys tem can sepa ra t e  grav i ty  
f rom acceleration. 
acce le ra t ions  during body movements m u s t  be available in  o r d e r  to d e t e r -  
mine the direct ion of the vertical .  This  direct ion must  be known in o r d e r  
to p rogram body movements  properly. 'v'ision, kil=csthetics, an4 ntolith 
s e n s o r s  contribute to t h i s  information. 
The  value of accelerat ion due to body movements  must  a lso be known in- 
dependently of gravi ty  i f  l i n e a r  velocity and displacement  a r e  to be com-  
puted. 
away f r o m  the cen te r  of the e a r t h  at  a r a t e  of 32 feet/second. 
The  theory  developed in the r e p o r t  s t a t e s  that  the direct ion of gravi ty  is 
obtained by long-time integration of the  accelerat ion detected by the oto- 
l i t h s  to cancel  out  t rans ien t  values  due to body movements. 
c l e a r ,  also,  tha t  kinesthetic react ions insofar  as they are uti l ized to 
de t e rmine  the direct ion of the ver t ical  mus t  be s imi l a r ly  averaged as 
they are a lso  affected by both accelerat ion and gravity.  
of the direct ion of the body with r e spec t  to the ver t ica l  is normally detected 
by the semicii*ci.ilar car;a!s o r  by t he  - 7 7 0 ~ -  W J  _I. 
3. 
The 
The value of gravi ty  independently of the t r ans i en t  
Otherwise we  would sense  ourse lves  being continually 9 cce lera ted  
L 
It mus t  be 
A sudden change 
The ntnliths and kinesthet ic  
-1 6- 
reac t ions  provide, therefore ,  data about a slowly adjusted direct ion of 
the ver t ica l  while the semic i r cu la r  canals  provide da ta  f o r  sudden 
changes. 
t i m e  constant  of about 35 seconds. 
in higher  neural  c e n t e r s  as the signal f rom the otolith o rgans  is not de-  
layed with r e spec t  to the s t imulus as indicated by single f iber  record ings  
1 at the periphery.  
The long te rm integration appea r s  to be exponential with a 
The averaging p r o c e s s  mus t  take place 
The cancellation of gravi ty  in the computation of body movements  is sa id  
to be accomplished by a computation based  on the angular  change of 
or ientat ion of the head axis  with r e spec t  to the ver t ical .  
de te rmined  f rom s e m i c i r c u l a r  canal data. 
Th i s  amount is 
The p rocess  is s i m i l a r  to tha t  utilized in an iner t ia l  navigation system. 
A s  in  t h i s  sys tem,  the re  is no delay in  the uti l ization of otolith s ignals  i n  
the determinat ion of acceleration. 
8. GERA-1112 - The functions and operating pr inciples  of the otolith organs.  
Part 11. The mechanics  of the otolith organs.  
a. The Otolith Transduce r  - 
T h i s  r e p o r t  p roposes  an hypothesis regarding the mechanics  of the 
otoli th organs.  
a te  two t r a n s d u c e r s  into a single organ. The two t r a n s d u c e r s  would 
co r re spond  to two modes of motion of the otolith mass ,  a s h e a r  with 
r e s p e c t  to the epithelium and a deflection of the whole m a s s  into the 
perilymph. 
t h e  second would be overdamped. Consequently, the under-damped 
movement  would cor respond to an acce le romete r  while the overdamped 
mode would co r re spond  to a velocity t r ansduce r  within a given band of 
f requencies .  
t h e  s a m e  f ibe r  would c a r r y  both accelerat ion and velocity signals. 
ganization of f ibe r s  and modes of a t tachment  of the membraneous s a c s  
would account f o r  the d i f fe ren t  responses  f rom different  cells .  
According to this hypothesis, the otoli ths would incorpor  - 
The first mode would be l e s s  than c r i t i ca l ly  damped while 
Both motions m u l d  react on the s a m e  h a i r  ce l l s  so that  
O r -  
- 
'32 -1 113. 
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I t  is rea l ized  that  s i m i l a r  responses  may be accounted f o r  in t e r m s  of 
cells having different rates of adaptation. Exper imenta l  explorat ions are 
r equ i r ed  to distinguish between the two possibil i t ies.  However, the  p r e -  
vious discussion regard ing  the separat ion of gravi ty  f r o m  acce lera t ion  
I will not be affected by the outcome of these  experiments .  
- b. The Interact ion between Vest ibular  Signals and Eye Movements 
A distinction is made between two types of involuntary eye movements  
control led by vest ibular  signals.  One type is taken into account in the 
determinat ion of the spat ia l  representat ion by optokinesthesis and the 
o t h e r  type is not. 
leading eye movement  d iscussed  e a r l i e r  is of the latter type. 
eye  movement  is not taken into account i n  the determinat ion of the position 
of an  object  in the environment,  a mistaken es t imate  of its position o c c u r s  
and an i l lusion is produced. 
The  hypothesis is advanced tha t  vest ibular  s ignals  corresponding to acce l -  
e r a t ion  are added to visual  s ignals  by means  of such illusion-producing 
eye  movements.  
cont ro l  of body movements  only when vision is possible. 
weight  is given to th i s  conclusion by t e s t s  conducted at Pensacola.  
t h e s e  t e s t s  the b e s t  and the w o r s t  p e r f o r m e r s  on the t rampoline among 
s tudent  pilots were  t e s t ed  ove r  a period of y e a r s  on a ba t te ry  of a taxia  
t e s t s .  
ing and standing on a na r row rail with e y e s  open. 
e n c e s  with eyes  closed. 
p e r f o r m e d  ve ry  poorly in these tes ts ,  again, with eyes  open. It appears  
f r o m  these  r e s u l t s  that  be t t e r  t rampoline p e r f o r m e r s  have m o r e  effective 
ves t ibu lar  s igna ls  but these  be t te r  s igna ls  r equ i r e  vision to improve  p e r -  
formance .  
s igna l s  by means  of involuntary eye movements  of the i l lusion producing  
type. T h i s  is a highly significant theory,  i f  it can  be confirmed in fu r the r  
tests, toward the be t t e r  understanding of the control  of body movements  
i n  n o r m a l  and space  situations. 
I 
Slow phase  nystagmus is of the  first type, while the 
When the I 
If t h i s  is the case,  vest ibular  s igna ls  are of value in  the 
Considerable 
In 
Highly significant differences of per formance  were  found on walk- 
T h e r e  w e r e  no differ-  
A t  t h e  s ame  t ime labyrinthine defective subjec ts  
It follows tha t  vest ibular  s igna ls  mus t  be added to visual  
-18- 
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GERA-1113 - The functions and operating pr inc ip les  of the otolith organs.  
Part 111. Interpretat ion of "single f ibe r "  o r  "few f iber"  recordings.  
- a. Genera l  
1 An ana lys is  w a s  per formed of da ta  i n  a r e p o r t  by Lowenstein and Roberts .  
The da ta  per ta ined to the f i r ing rate of f i b e r s  assoc ia ted  with the otoli ths 
during a rotation of a f i s h  preparation. The data  indicated that  the r a t e  of 
f i r ing va r i ed  sinusoidally with a full per iod corresponding to a 360-degree 
rotation. 
affected by the component of gravi ty  acting upon the organ. 
This  showed, as would be expected, tha t  otolith s ignals  w e r e  
The da ta  gave the r a t e  of f i r ing f o r  both dynamic and steady-state condi- 
tion and the  phase shif t  between the two. The model previously proposed 
was  applied to these  data  to  compute the cha rac t e r i s t i c s  of the response  to 
velocity. 
ing weight to the validity of the previously suggested model. 
The r e s u l t  of the computation appeared  to be reasonable,  lend-  
- b. Conclusion 
The theory of otolith functions, par t icu lar ly  of the separat ion between 
gravi ty  and accelerat ion,  is believed to be a key to the understanding of 
the  operat ion of the sys t em of spatial  or ientat ion in  environments  o the r  
than  1-g. 
The  hypothesis  tha t  vest ibular  signals a r e  added to vision by means  of 
i l lusion-producing eye movements  is  highly significant to vest ibular  
theory  and should be checked by fur ther  exper iments  as d iscussed  later 
in the report .  
a l so  be checked by appropriate  experiments .  
and R o b e r t s '  da ta  is a partial check on the validity of the theory. 
The hypothesis about the mechanics  of otolith o rgans  should 
The analysis  of Lowenstein 
'32 - 1113. 
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PART I1 - CONCEPTUAL SIMULATION O F  THE SYSTEM O F  SPATIAL 
REPRESENTATION AND THE DISTURBANCES IT MAY CREATE 
1. INTRODUCTION 
The discipline of requir ing that  theoret ical  concepts about biological s y s t e m s  
be s imulated by a mechanical model has many advantages. It ca l l s  for  g r e a t e r  
c l a r i t y  and r i g o r  by invalidating s ta tements  that  may have t h e  r ing of t ru th  but 
have no operat ional  correspondence.  It makes  possible a convincing demon- 
s t r a t ion  of its validity by a comparison between the response  of the model to 
a s t imulus  with the response  of the model to the s a m e  stimulus.  
possible  unambiguous communication between r e s e a r c h  workers .  
It makes  
Th i s  discipline h a s  been used to advantage in  many fields. 
basa l  membrane  built by Bekesy served  to settle a long-standing cont roversy  
about the  mechanical cha rac t e r i s t i c s  of t h i s  organ. 
have helped to c la r i fy  f ea tu res  of learning theory. 
e a r l i e r  of a simulation of the control  o f  body movements.  
The model of the 
Models of learning devices  
An example was  given 
T h e r e  is little doubt tha t  model simulations could s e r v e  a significant function 
in the development of a theory of vest ibular  and assoc ia ted  reactions.  
re la t ive ly  s imple  mechanical  concepts a r e  not general ly  understood and could 
be made  c l e a r e r  by a model. 
c i r c u l a r  cana ls  a r e  velocity t r ansduce r s  when operat ing within a ce r t a in  range  
of f requencies  is confusing to many workers.  It is difficult fo r  them to recon-  
c i le  t h i s  s ta tement  with the fact tha t  canals  can only be s t imulated by accelera- 
tion, no t  velocity, and tha t  they cannot de tec t  constant  velocity. 
acce le ra t ion  inputs a r e  p rocessed  to give velocity, but only fo r  ce r t a in  f r e -  
quencies  of motion is difficult to communicate even in the experience of the  
author ,  to graduate  s tudents  in  e lec t r ica l  engineering. 
come  clear if a dynamically s i m i l a r  model of a canal  were  constructed.  
model could then be subjected to different inputs and the response  of the model 
could be  plotted v e r s u s  accelerat ion,  velocity, and displace= nt inputs. 
Some 
F o r  instance, the s ta tement  tha t  the s e m i -  
The idea  that  
Everything would be - 
The 
It 
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would then become clear that f o r  movements within the range of normal  body 
activity t h e r e  would be c lose  correspondence between input velocity and canal  
response.  
range would also become immediately apparent. 
The l imitat ions of the t ransducer  f o r  movements outside of this  
A somewhat  more  complex and elusive simulation would be tha t  of adaptation, 
perception, and dis turbances of the motion-sickness type. A s  indicated earlier, 
such simulation would have to be l imited to physiological reactions.  
attempt, however, would force a more  rigorous explanation of a theory and 
would serve to i l l u s t r a t e  both the possibility and t h e  l imitations of a s imula-  
tion where  conscious react ions are excluded. 
The 
The p resen t  section of the concluding repor t  desc r ibes  a simulation of a por -  
tion of the vestibule and associated reactions f o r  a s imple  situation in o r d e r  
to i l l u s t r a t e  what pr inciples  may be involved in  such an attempt. 
The  e x e r c i s e  wil l  be l imited to a simulation of the react ions of a subject in  
a rotating chair .  
2. GENERAL DESCRIPTION O F  THE MODEL 
The model would cons is t  of a s imulated body trunk and head mounted on a 
rotating platform. 
the body and could be inclined in  any direction under command of a p r o g r a m m e r  
which could be set by the experimenter .  Three  sets of s e n s o r s  would be s imu-  
lated: t h r e e  semic i r cu la r  canals,  neck proprioceptive sensors ,  and kinesthetic 
s enso r s .  
neck proprioceptive s e n s o r s  would provide data  about head position with res- 
pect  to the trunk. 
with r e s p e c t  to the platform about th ree  axes. 
body angular  accelerat ion in space. 
in any des i r ed  manner  by two types of controls: a d i r e c t  control at the command 
of the exper imenter ,  and a p rogrammer  which could also be set by the exper i -  
menter .  These  two modes of control would be intended to s imulate  forced 
aiid willed iiiovements. 
d i scussed  later to produce s imulated reactions of motion sickness.  
The head would be art iculated with r e spec t  to the trunk of 
The  t h r e e  semic i r cu la r  canals would be mounted on the head, the 
The kinesthetic s enso r s  would measu re  angular moments  
They would measure ,  therefore ,  
The platform could be controlled to move 
Sensnry data would b e  analyzed and processed  as 
-21- 
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The dynamic c h a r a c t e r i s t i c s  of the semic i r cu la r  canals have been d iscussed  
in detai l  in the above l i s t ed  r e p o r t s  and they could be s imulated eas i ly  by 
mechanical models. 
in o r d e r  to devise a sat isfactory simulation. 
to have sufficiently good response  over  wideband width so  as not to in t e r f e re  
with the response  of o ther  sensors .  
to s imulate  vision. 
More data  should be  obtained about kinesthetic s e n s o r s  
Neck s e n s o r s  could be assumed 
For  simplicity, no at tempt  would be made 
3. THE SIMULATION OF MOTION SICKNESS AND SENSATIONS 
As  indicated earlier, a mechanistic model cannot have conscious react ions 
such as nausea. Simulation mus t  be  limited to the mechanistic o r  physiologi- 
cal "causes"  of var ious sensations,  if such causes  can be discovered and, 
indeed, i f  they exist. A basic  difficulty may be encountered if  the "cause" of 
a sensat ion is another sensation. W e  can make up f o r  the l imitations of the 
simulation by the use  of an exper imenter  which pe r fo rms  adjustments  o r  set- 
ting of the model. 
simulation. 
physical  system, and tha t  the l imitations of any analog of a living sys t em are 
s i m i l a r  to those of a representat ion of a three-aimensionai situaiiori i n  two 
dimensions.  
s ide  the scope of t h i s  report .  
F o r  the purpose of the present  simulation, we will a s sume  as d iscussed  
The e x p e r i m e n t e r  then mus t  be considered as p a r t  of the 
W e  may s a y  tha t  a living sys t em h a s  more "dimensions" than a 
I 
The h e a r t  of this problem lies deep i n  a theory of knowledge out- 
i 
I 
earlier, tha t  a physiological "cause" f o r  motion s ickness  is a discrepancy 
between modalit ies of sensory  data, o r  between anticipation and experience,  
as compared  to  n o r m s  previously established through experience.  
c r epanc ie s  in  t e r m s  of magnitude could be s imulated in the model. 
be enough to p r o c e s s  properly and compare the da ta  provided by the three  sets 
of s e n s o r s  and by the predictor  to obtain an output which would be a factor  in 
a s imulat ion of motion sickness.  
Such dis-  
It would 
I 
T h i s  output, however, mus t  be modified by two psychological f ac to r s  as dis-  
cussed  earlier: t h r e a t  and interest .  
effect may  be s imulated by an adjusirrieirt of gain as  a f i inct ion of zxpzztcd 
These  cannot be well duplicated but t h e i r  
-22- 1 
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4. 
t h r e a t  in a given situation. 
as a function of the output t o  s imulate  the f ac t  t ha t  motion s ickness  causes  a 
drop  in i n t e r e s t  and a magnification of the dis turbances by what may be called 
a regenerat ive process .  
F o r  c l o s e r  simulation, the gain may be  increased  
The f ac to r  of s enso ry  discrepancy as modified by t h r e a t  and i n t e r e s t  is then 
fed into an integrator.  This  s imula tes  the f ac t  t ha t  the effect of a conflict is 
cumulative and tha t  motion s ickness  generally ove rcomes  a pe r son  after he  
has  been subjected to  a s t r e s s fu l  situation f o r  a cer ta in  amount of time, the 
t ime  depending on the degree  of the stress. 
tendency f o r  the dis turbance to disappear gradually when the stress is rel ieved 
and th i s  can be simulated by providing a leak a c r o s s  the integrator.  
may cause  the stress to disappear  m o r e  rapidly so the leak may be adjusted 
as a function of a s sumed  i n t e r e s t  which, in  turn, as indicated above dec reases  
with an  inc rease  of motion sickness.  
A t  the s a m e  time, t h e r e  is a 
In t e re s t  
Under a given situation the indicated disturbance may tend to  both increase  and 
d e c r e a s e  at the s a m e  time. 
decrease ,  a dis turbance would r e s u l t  following a certain integration period. 
If the rate of i nc rease  is greater than the rate of 
SIMULATION O F  ADAPTATION 
I t  appea r s  t ha t  while sense organs  are genetically acquired, t h e i r  organization 
is developed through experience by so -called adaptation. 
Repor t  GERA-1080 tha t  adaptation r e su l t s  f r o m  a tendency to eliminate sensa -  
t ions which are caused in  t u r n  by discrepancies  between sensory  s ignals  of 
different  modal i t ies  o r  between anticipation and experience.  The  effect is, 
therefore ,  to  cancel out what differences may exist between senso ry  data  under  
given situations.  
o v e r  a long averaging period, harmony of s enso ry  da ta  will be achieved f o r  
typical frequently repea ted  responses  to life situations as the random va r i a -  
t ions f r o m  such r e sponses  will be averaged out. 
It w a s  postulated in 
It can  be visualized that if the adjustment is c a r r i e d  out 
Adaptation may occur  as the r e s u l t  of a compensatory react ion o r  by suppres s -  
ion of s e n s o r y  data. 
niques depends on the si tuation as wil l  be d iscussed  later. 
It may be su rmised  tha t  the choice between the two tech-  
-23- 
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Such a scheme of adaptation can be simulated. 
instance,  the s ignal  f r o m  the simulated kinesthet ic  s e n s o r s  following an 
integrat ion to give angular  velocity may be compared  with the velocity 
m e a s u r e d  by the  semic i r cu la r  canals.  A correc t ion  would then be applied 
to one of the s ignals  to br ing  it to  the same  leve l  as the other.  If the two 
s igna ls  should va ry  l inear ly  with the input and m u l d  differ only in  t h e i r  magni- 
tude, an adjustment  in  gain would be enough to br ing them in harmony ove r  a 
given range  of f requencies  and amplitudes. 
s o m e  a r b i t r a r y  manner,  a complex function would have to be genera ted  where-  
by a different  gain would have to be provided f o r  different values  of the s igna ls  
and f o r  different  frequencies.  
functions can be genera ted  although experimental  data  are lacking in th i s  re- 
gard.  
The m o r e  complex the adaptation, the longer  the conflict  would last and the  
g r e a t e r  the likelihood of a disturbance. 
In o u r  s imple  model, f o r  
If the two s igna ls  would va ry  in  
T h e r e  is s o m e  evidence that  such complex 
The generat ion of such an a r b i t r a r y  function is also mechanizable. 
It is believed tha t  t he re  a r e  definite pain-pleasure sensa t ions  tending to pro-  
mote a s e a r c h  f o r  s enso ry  harmony and tha t  motion s i ckness  is one such 
sensation. 
no rma l  body movements ,  any such movement will  produce no sensory  conflict, 
no sensat ion,  and no disturbance. If, however, a new situation should c r e a t e  
a d iscrepancy  of s enso ry  data, sensat ions will resu l t ,  with a tendency to pro-  
duce stress followed by a slow adaptation to the new situation assuming that  
it p e r s i s t s  ove r  a sufficiently long period of time. 
when r e s t r i c t e d  to physiological modalities. 
A s  the case may be? once senso ry  data  have been harmonized f o r  
The sys t em is mechanizable 
Another sou rce  of conflict, sensation, and dis turbance is a discrepancy be-  
tween predict ion and experience.  
da ta  and is compared  with actual data. 
Predict ion in  th i s  c a s e  p e r f o r m s  as senso ry  
5. OPERATION O F  THE MODEL 
The c h a i r  is first ro ta ted  in  random fashion with and without head motions, 
gene ra l ly  within the frequency response of the var ious  senso r s .  With head 
-24- 
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stationary,  s ignals  f rom the kinesthetic s e n s o r s  have been made comparable  
to those f rom the semic i r cu la r  cana ls  by cancelling out any differences tha t  
may e x i s t  between the two by means of compensatory react ions as descr ibed  
earlier. 
F o r  head movements  alone, without movements of t he  chair ,  there  would be 
a signal f rom the semic i r cu la r  cana ls  but none f rom the kinesthetic sensors .  
A compensatory signal would then b e  required to  cancel out the vest ibular  
signal. 
When the two m v e m e n t s  would occur  at once, compensatory react ions would 
also have to be developed as a function of head movements. 
appear  to be fully mechanizable. 
These  would be computed on the  b a s i s  of neck proprioceptive signals. 
These  operat ions 
Once the sys t em has  been so adapted to  normal  body movement, any fur ther  
p rogrammed  movements  simulating willed movements  would produce no differ-  
ence  between the s ignals  and no simulated sensation. 
I 
We next t r y  an imposed sinusoidal movement of constant frequency by osci l la t -  
ing the chair .  
between experienced and anticipated movements, and a s imulated sensa tion 
is recorded.  
s enso ry  data in  harmony. 
canal  response,  t h e r e  would then be no f u r t h e r  difference and no s imulated 
sensation. 
s h o r t  durat ion so tha t  t h e r e  would be  no significant disturbance. 
The movement at first is unexpected and there  is a difference 
A c o m p e n s a b r y  reaction is produced to br ing anticipation and 
If the oscillation is within the no rma l  bandwidth of 
The situation would imply l i t t le  t h r e a t  and the disunity would be of 
Next we br ing the c h a i r  up to a constant velocity f o r  a per iod of t ime. 
then cause  the head to  be inclined toward a shoulder. The reaction would be 
one s imulat ing the so-called Coriolis illusion as d iscussed  in r e p o r t  GERA- 
1057. The  semic i r cu la r  canals  give, then, a signal which is associated with 
a pitch of the body forward  o r  backward, depending upon the direction of ro ta -  
tion of the body and the inclination of the head. 
W e  
A t  the s a m e  t ime the kinesthetic senses  give a signal corresponding to the body 
being erect. 
wel l  as between anticipatory functions and semic i r cu la r  canals. 
T h e r e  is then a s e v e r e  discrepancy between the two s ignals  as 
Fur the rmore ,  
-25- 
PART I1 GERA-1158 
t 
the s e m i c i r c u l a r  canal  s ignals  would correspond in  r e a l  life to a fall. 
have been given a s t rong  weight in  the model. 
a r e  enough to produce integrat ion into a s e v e r e  s imulated disturbance. 
They 
A few movements  of the head 
Adaptation to the new condition takes  place slowly through the development of 
compensa tory  reac t ions  calculated to bring s e m i c i r c u l a r  canal s ignals  in  h a r -  
mony with kinesthetic senses .  These  compensatory react ions,  however, are 
complex. 
but m u s t  be different  f o r  inclinations of the head in  different  directions.  
Fu r the r ,  they a r e  not d i rec t ly  proportional to the amount of head mavement  
as detected by neck s e n s o r s  o r  s emic i r cu la r  canals.  
the development of these  reac t ions  is complicated and, therefore ,  t akes  a 
long t ime. A mechanization of the process ,  although r a t h e r  complex, is 
possible.  
the compensatory react ions,  a t rans ien t  dis turbance would r e s u l t  while the 
r eac t ions  are modified by adaptation to f i t  the new speed. 
F o r  a constant  speed of rotation, they depend on head movements  
It can  be visualized tha t  
If the speed of rotation of t h e  body is a l t e r ed  a f t e r  development of 
A m o r e  r ea l i s t i c  s imulat ion should include o the r  s e n s e s  such as vision, oto- 
l i th organs ,  eye movements,  etc. The model would then s imula te  reac t ions  
such  as nystagmus and its adaptation, ihe reaciioiis to weightlessness, etc. 
It can  be visualized, however, that  such a model would be quite complex. 
F igu re  1 i l l u s t r a t e s  diagrammatical ly  some  of the pr inciples  involved in  
the construct ion of the model. 
The over-s implif ied s imulat ion of an ove r  -simplified theory of vest ibular  
and assoc ia ted  reac t ions  as descr ibed  above i l l u s t r a t e s  s o m e  of the pr inciples  
appl icable  to the  design of a more  complex model. 
A l imi t ed  mechanical  model simulating senso ry  d i sc repanc ie s  which may o c c u r  
in  complex s i tuat ions such as a rotating space platform where  both semic i r cu -  
lar c a n a l s  and otoli ths a r e  involved would be useful in demonstrat ing and 
i l lus t ra t ing  the complex mechanics  involved in th i s  situation. Such a model, 
however,  would leave considerable  doubt regard ing  the p r e c i s e  reac t ions  of 
man in  such an environment.  It would be difficult, f o r  instance,  to s imula te  
accu ra t e iy  f a c t o r s  such as adilptation, threat, h t e r e s t j  2s we11 8s individual 
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differences and ult imately a man would have t o  be t e s t ed  under  actual 
conditions . 
The main value of such a model would be in the clearer demonstrat ion it 
would provide of the s imula ted  functions and the immedia te  answer  it would 
give of conflicts produced by such complex s i tuat ions without lengthy computa- 
tions. Such a model would be usefu l ,  also, in  demonstrat ing the sensory  con- 
f l ic t s  a r i s ing  in  earth-bound situations,  as  on board  a sh ip  in a rough sea 
with and without head movements,  floating in  a space  capsule  while awaiting 
rescue ,  a i rplane aerobat ics ,  etc. 
I t  is cer ta in ,  however, tha t  again no computer  s imulat ion would dispense with 
the need of testing subjec ts  in the actual environment. 
tha t  i f  the pr inciples  involved in motion s i ckness  d is turbances  had been 
thoroughly demonst ra ted  by such a model, fa i r ly  good predict ions could then 
be made by logical and intuitive p rocesses  without the use  of a computer.  
Continued investigation of model simulation of motion s ickness  production is 
It is probable, also,  
~ recommended fo r  the l imi ted  purpose indicated above. 
I 
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1. 
2. 
INTRODUCTION 
This  portion of the final r e p o r t  d raws  upon the ma te r i a l  published in previous 
r e p o r t s  as summar ized  in Part I to  develop a comprehensive theory regarding 
what orientation dis turbances a r e  likely to occur  in the exploration of space. 
It d i scusses  var ious si tuations such a s  living in a space capsule ,  floating in 
space,  living in a rotating platform and walking on the moon. 
re levant  aspec ts  of vestibular theory as developed in the previous r e p o r t s  will 
be first reviewed briefly. 
Some of t h e  m o s t  
THE SEPARATION O F  GRAVITY FROM ACCELERATION 
Previous  investigations revealed that  the vestibular functions mos t  directly 
affected by t r ans fe r  f rom an ea r th  to an  environment other than 1-g appeared 
to be those related to the separat ion of gravity f rom acceleration. 
was covered  in  Repor t  GERA-1112 and was discussed briefly in Part I of th i s  
ronnrt. 'y" "- --I-------- TileepntiaIIJri the t h ~ n r y  states that gravity m u s t  be de te rmined  inde- 
pendently of accelerat ion so that  the direction of the ver t ica l  may be  a s c e r -  
tained. and at the s a m e  t ime,  that  acceleration m u s t  be measu red  independently 
of gravity so that l inear  velocity and displacement of the body may be computed. 
This  theory 
Gravity is said t o  be  separated f rom acceleration by a p rocess  of integration, 
o r  averaging over  a period of t ime,  so that successive t rans ien t  accelerat ions 
in opposite direct ions may be cancelled out and the constant value of gravity 
be retained. A t  the s a m e  t ime,  it is indicated that the direction of a sudden 
change of the  orientation of the body does not depend on such slow p rocesses ,  
but on s igna ls  f rom the fast responding semic i rcu lar  cana ls  o r  vision. 
The  techniques a r e  s imi l a r  to  those used  in a s imple navigational system. 
Such a s y s t e m  generally includes a gyroscope and a pendulum. 
between the  erect ion of the gyroscope and the  direction of the pendulum pro-  
duces  a l ight precess ing  torque tending to  bring the gyroscope in l ine with the 
Any difference 
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pendulum. The latter is, of course ,  affected by both acce lera t ion  and gravity. 
If, however, the torque  is light enough, random acce lera t ions  wi l l  average  
to z e r o  during the  relat ively long erect ion t i m e  s o  tha t  the gyroscope wi l l  be 
maintained in  a near ly  ve r t i ca l  position. If, now, a sudden gus t  should d i s tu rb  
I 
I 
the  att i tude of the  a i rp lane ,  the disturbance wi l l  b e  detected immediately as an  
angle between the  s tab le  gyroscope and the air f rame.  
c a l  sys t em,  the  over-al l  t a sk  is performed by a combination of fast and slowly 
responding components. 
Here,  as in the  biologi- 
Exper imenta l  evidence about the biological sys tem is in accord  with th i s  theory.  
If the or ientat ion of a man sit t ing in  a cha i r  is changed rapidly by inclining the 
c h a i r ,  he  will de tec t  the change immediately by means  of vision o r  through the 
s e m i c i r c u l a r  canals, i f  vision is excluded. If, now, the  change of orientation 
is pe r fo rmed  without st imulation of .the semic i r cu la r  cana l s  and without v i sua l  
r e fe rence ,  t he re  should b e  a delay in the detection of the change because of the 
long averaging  process .  
centr i fuge where cent r ipe ta l  accelerat ion combines with gravi ty  to  change the  
d i rec t ion  of the r e su l t an t  fo rce  acting upon the body without st imulation of t he  
s e m i c i r c u l a r  cscils in  the  direct ion of the change. 
t h e r e  is, indeed, a delay in the detection of the change of d i r e c i i m  of resultant 
i ne r t i a l  f o r c e  with r e s p e c t  to t h e  body a s  shown in F igure  2 .  
ledge of t he  author ,  no functional reason has  been proposed for  this  phenomenon. 
S imi la r ly ,  i f  the  gyroscope of a typical a i rp lane  autopilot were  placed on a 
cent r i fuge  it would show prec ise ly  the s a m e  s o r t  of delay in the  detection of 
the  change in the d i rec t ion  of resul tant  i n e r t i a l  force.  
Such a change of or ientat ion may be  achieved in a 
Under these  conditions 
1 To the know- 
It mus t  be  emphasized tha t  the direction of gravi ty  may be detected by both 
the  otoli th.and kinesthet ic  sensors .  
labyrinthine defect ive subjects  shows that  the  delay in the detection of a change 
of d i rec t ion  of the  r e su l t an t  force  on the body appl ies  to both sets of s e n s o r s ,  
although to different  degrees .  
Experimental  evidence with n o r m a l  and 
While grav i ty  mus t  be measu red  independently of acce lera t ion  in o r d e r  to 
cieier-ir;ize the d i rec t ion  of the ver t ical ,  accelerat ion should b e  differentiated 
'17, 18 - 1112. 
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I Figure  2 - Lag experienced by normal  subjects in  the detection of a change of the 
direct ion of iner t ia l  forces  caused by rapid accelerat ion f rom ze ro  to 
a constant angular  velocity. 4 = amount of angular change. 
Reproduced f r o m  "Some F a c t o r s  Contributing to the Delay in the Percept ion of the 
Oculogravic  Illusion, by Brant  Clark and Ashton Graybiel, P r o c  Symposium on the 
1 of Aviation Medi- 
- 
1 A /  r 
1703. 
of the Vest ibular  Organs  in  the Exploration of 
PensaGoili, Fiorida.  lqASA SP-77, p 156, $a 
-3  1.- 
* PART I11 GERA-1158 
f r o m  gravi ty;  o therwise  w e  would fee l  ourse lves  acce lera ted  continuously away 
f r o m  the  c e n t e r  of the  e a r t h  at a r a t e  of 32 feet/second . 
duce r  can  possibly react to  accelerat ion without reac t ing  to  gravity. 
e v e r ,  the  head could r e m a i n  e r e c t  with r e spec t  t o  gravi ty ,  the  reading of t he  
ve r t i ca l  acce le romete r  in the  otolith under the influence of gravi ty  could be 
cal led z e r o  and only acce lera t ions  differing f rom th is  value would then be taken 
into account fo r  integration into velocity. 
be unaffected by gravi ty  and would measu re  t r u e  accelerat ion with r e s p e c t  to  the  
ear th .  
to gravity. 
which would b e  in te rpre ted  a s  an  accelerat ion toward the cen te r  of the ea r th ,  
while a horizontal  t r ansduce r  would pick up a component of gravitation which 
2 No physical t r a n s -  
1 
If, how- 
I 
Horizontal  t r ansduce r s  would then 
I 
The difficulty would come  when the head would be inclined with r e s p e c t  
The ve r t i ca l  t r ansduce r  would then s e n s e  a reduced effect of gravi ty  
would b e  in te rpre ted  a s  a horizontal  accelerat ion of the body. 
e r a t ions  would combine into a resu l tan t  inclined with r e s p e c t  to the ver t ical .  
Repor t  GERA-1113 showed evidence taken f rom the  l i t e r a tu re  
r eco rd ings  to the effect that  the otoliths respond to a change of or ientat ion of 
the  head with r e s p e c t  to  gravity.  
Thc effect of .r t u n l  nf the head could be cancelled out  by compensating reac t ions  
based on a measu remen t  of the head rotation in  both magnitude and direction. 
Th i s  measu remen t  could be made by the s e m i c i r c u l a r  canals .  Again, t h i s  is 
p rec i se ly  the  technique utilized in some ine r t i a l  navigational s y s t e m s  to cance l  
The two acce l -  
1 
on s ingle  f iber  
I 
t 
1 out  t h e  effect  of gravitation. A computation is per formed as the r e s u l t  of a 
m e a s u r e m e n t  of the amount of t u rn  of the s y s t e m  to give "compensatory 
the  effect  of gravity.  It would be  expected, i f  t h i s  is the  mechanism,  tha t  diffi- 
cu l t i e s  would occur  when the head is turned without s emic i r cu la r  cana l  signals.  
Repor t  GERA-1100 brought out an observation by Lowenstein and Roberts '  t o  
t he  effect that  a f ish r e a c t s  violently to being rotated following destruct ion of 
t he  s e m i c i r c u l a r  canals.  Significantly, the fish's  re f lexes  did not oppose the 
t u r n  and were  of inappropriate  direction to  r e tu rn  the  f ish to an  upright 
position. 
I 
r eac t ions"  which, when added t o  the signals of the acce le romete r s ,  cance l  out 
I 
I 
1 
I 
I 
~ 
'32-11 13. 223-1 100. I 
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3. DISCUSSION OF NASA REPORT TND-2195 B Y  STONE A N D  LETKO (1964) 
Repor t  TND-2195 desc r ibes  the sensations experienced by a subject being 
rotated a t  a continuous velocity while totally i m m e r s e d  in water. 
sat ions can  be fully accounted f o r  in t e r m s  of the theory of the separat ion of 
gravity f r o m  acceleration and a r e  believed to have d i r e c t  application to  the 
problem of man in space. 
These  sen- 
During the test the  subjects  were  fully immersed  in water in a rotatable  tank, 
s t rapped in  a cha i r ,  and provided with suitable breathing equipment. 
of the  tests the subjects  w e r e  positioned so the rotation took place about an 
ax i s  passing through the i r  two ea r s .  
ax i s  passing through the long axis  of the body. 
c lusions s imi l a r  to the first and will not be discussed in  th i s  summary .  
In one 
In another t e s t  the rotation was about an 
The second test leads to con- 
With i m m e r s i o n  in w a t e r  kinesthetic reactions a r e  minimized because of water  
buoyancy. 
o r g a n i s m  has  adapted to assoc ia te  with a change of orientation of the body. 
A t  the  s a m e  t ime vision gives  no clues  that the body is rotated s ince it is l imited 
to the insicie or^  the iaiik. 
t h e r e  a re  no signals f r o m  the  semic i rcu lar  canals. 
e v e r ,  a r e  undiminished over  those experienced under a n o r m a l  life situation. 
It would be expected, therefore ,  that  perceptual interpretat ion of the  situation 
would depend entirely upon otolith signals. 
They are  cer ta inly very  greatly reduced over  those which the 
A l s o ,  becawe nf the  continuous rotation of the tank 
The  otolith signals,  how- 
It mus t  be c l e a r  that  under  test conditions the body is mere ly  rotated about an 
ax i s  pass ing  through the two e a r s  without any l inear  t ranslat ion and will 
a s s u m e  successive positions a s  indicated in Figure 3. The perception, how- 
e v e r ,  is a s  indicated in Figure 4, reproduced f rom the or iginal  report .  The 
percept ion,  therefore ,  d i f fe rs  in  two respec ts  f rom the actual  movement: 
(1)  the  rotation of the body about a n  axis passing through the e a r s  is not p e r -  
ceived s o  that the body is sensed to  remain e r e c t  at a l l  t imes ,  and (2) t he re  is 
a percept ion of l inear  translation in a continually changing direction. The 
crver-all perceptual interpretat ion of the sensory data is s imi l a r  to that of 
-33- 
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Figure 3 - Actual successive positions assumed by subject during rotation. 
(a)  0 to 20 rpm. (b) 20 to 55 rpm. (c )  55 to 60 rpm. 
Figure4 - Sensed position of subject during rotation. 
Iieproduced from "Snme Observations during Weightlessness Simulation with 
Subject Immersed in a Rotating Water Tank, I' NASA Ti< 5-2195, by Ralph W 
Stone, J r . ,  and William Letko, p 16, September 1964. 
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being rotated in a f e r r i s  wheel. 
on the  b a s i s  of the  theory of separa t ion  of gravi ty  f r o m  accelerat ion.  
T h e r e  a r e  c l e a r  explanations fo r  t hese  i l lusions 
- a. Fa i lu re  to  Sense the  Rotation of the Body 
A s  stated in paragraph  3 of th i s  discussion,  the only senso ry  data  re la ted  
to body movement and avai lable  t o  the subject  under  conditions of the t e s t  
a r e  those  f rom the otoliths. 
on these  signals. 
it might be  thought tha t  they would indicate that  the body is rotated with 
r e s p e c t  t o  the vertical .  
sequent  delays in the determination of the ver t ica l ,  the  continuous varying 
s igna ls  during the rotation of the  body average  to  z e r o ,  signifying no ro ta -  
tion. 
out t r ans i en t  acce lera t ions  of successively opposite direct ions.  
Perceptua l  in te rpre ta t ion  mus t  then be based 
Since they change direct ion with the rotation of the body, 
However, because of the averaging period and con- 
The delay in  th i s  c a s e  pe r fo rms  its intended function of cancel l ing 
b. - Sensed Linear  Displacement  
The gravi ty  acting on the otoli ths during a rotat ion is continuously changing 
direct ion with r e s p e c t  to the  body, and produces a corresponding signal at 
the periphery.  This  is indicated in var ious  r e f e r e n c e s  on the fir ing r a t e  of 
otoli th f i b e r s  i n  vest ibular  preparations.  WiYn n o r m a l  liead iiiovements, BE 
indicated e a r l i e r ,  these  s ignals  a r e  cancelled out by compensatory reac t ions  
based on s e m i c i r c u l a r  cana l  sensory  data. 
however,  t h e r e  a r e  no semic i r cu la r  cana l  s igna ls  because  of the continu- 
ous rotat ion of the body and, therefore ,  no compensatory react ions.  The 
g rav i ty  act ing on the otoli ths is then in te rpre ted  as l i nea r  acce lera t ion  and 
in tegra ted  into an  i l lusory perception of l i nea r  displacement .  The percep-  
tion as the  r e s u l t  of otolith s ignals  during rotation when gravi ty  is in t e r -  
p re t ed  as  acce lera t ion  because  of lack of s e m i c i r c u l a r  cana l  s ignals  and 
a s soc ia t ed  compensa tory  react ions cons i s t s  of two s inusoidal  d i sp lacements  
90 d e g r e e s  out of phase. 
cept ion of rotation of the body as a whole as descr ibed in  the report .  
Under the conditions of the test, 
The two i l lusory osc i l la t ions  add up to  the pe r -  
- c .  Lack of Symmetry  between Displacements along Two Body Axes 
According tc the ~ a p e r ;  the perception of movement  r e m a i n s  c i r c u l a r  up 
to a velocity of 20 rpm. A t  higher veloci t ies ,  the  magnitudes of the 
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perceived movement  along two main body axes  of the  body a re  different. 
The percept ion is then one of ell iptical  movement. 
be bes t  accounted for  in t e r m s  of different t r a n s f e r  functions fo r  the 
corresponding otolith t ransducers .  
Th i s  phenomenon can  
Dis turbances  under  Conditions of t h e  T e s t  
The r e p o r t  makes  no mention of any d is turbances  experienced by the sub- 
jects. Since they were  subjected to  the test for  per iods  of as long as one 
hour,  it is probable  that  none was experienced. This  is as should be ex- 
pected although the  situation is quite s t range.  
avai lable  a r e  those  of the otoli ths and t h e r e  is, therefore ,  no possibil i ty 
of confl ic t  with o ther  sensory  modalities. 
pa t t e rns  which are  experienced can  be organized into a perfect ly  harmoni- 
ous and coherent  percept ion,  that  of being moved as  on a ferris wheel and 
t h e r e  is no t h r e a t  associated with such a perception. 
The only sensa t ions  
Fur the rmore ,  the senso ry  
RT JTI GERA-1158 
Without t h r e a t  o r  discrepancy of sensory  da ta  t h e r e  should be no d is tur -  
bance. Conceivably, however, s o m e  subjec ts  may be dis turbed by 
claustrophobia  and boredom as the  r e s u l t  of pa r t i a l  sensory  deprivation. 
Boredom and motion s ickness  d is turbances  a re  beiieveci io be relate:! i:: a 
manner  which cannot be  d iscussed  here.  
- e. Suggested Additional T e s t s  
The above d iscuss ion  shows that  the r e s u l t s  of the tests covered by the 
r e p o r t  of Stone and Letko are in complete quali tative accord  with the theory 
of sepa ra t ion  of gravi ty  f rom acceleration. 
se tup  could provide quantitative predict ions as  a fu r the r  check of the 
theory.  
Fu r the r  t e s t s  on a s i m i l a r  
MAN IN SPACE 
It is now poss ib le  on the  b a s i s  of the  previous discussion to  visual ize  what d i s -  
t u rbances  may occur  when man is t r ans fe r r ed  f rom an  ea r th  to  an environment 
o the r  than 1 -g without previous adaptation. 
-36- 
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- a. The Percept ion of Up and Down 
W e  have seen that  it is na tura l  f o r  man to organize his environment  with 
r e spec t  t o  t h r e e  perpendicular axes. 
is an  enormous  advantage in knowing the  direction of the ver t ica l  and hav- 
ing the knowledge s tored in the sys tem of spat ia l  orientation. The equili- 
b r ium of the body and the programming of body movements depend on such 
knowledge. A t  the s a m e  t ime much of what w e  perceive is organized with 
r e spec t  t o  this  direction o r  its perpendicular in the way of the horizontal. 
The main l ines  of buildings, furniture,  te legraph poles, the horizon, the 
sur face  of the lakes ,  the main axis of trees a r e  e i ther  horizontal o r  ver t i -  
cal. The knowledge of the ver t ical  provides,  therefore ,  for an e a s i e r  o r  
m o r e  harmonious organization of o u r  spat ia l  representation. 
One such ax is  is the vertical. T h e r e  
W e  have shown that  the ver t ical  is established by sensory  data,  p r imar i ly  
f r o m  kinesthetic,  otolith, and visual organs. 
by suitable compensatory react ions to give predictable and harmonious 
percept ions in an ear th  environment. 
lessness f rom an ear th  environment without previous adaptation, signifi- 
can t  aiIIererrees iii sensz ry  srganizatlon mus t  take place. 
thetic react ions due to gravity disappear. Similarly,  the otolith t r ansduce r s  
along an axis  n o r m a l  to the long axis of the body give no signal. 
otolith t ransducer  on the long axis of the body experiences an accelerat ion 
which differs  by 1-g f rom that experienced on earth.  
ponds, therefore ,  to an acceleration of 1-g toward the feet. It may be 
thought that  th i s  should resu l t  in a sensation of continuously increasing 
velocity toward the feet. 
on the mechanics  of the otoliths that a constant acceleration, a f t e r  a cer- 
tain delay beyond its initiation, produces no velocity signal. T h e r e  should 
be, therefore ,  no sensation of velocity toward the feet  in weightlessness. 
These  s e n s o r s  are adapted 
When a man is t ransfer red  to weight- 
1. cc First, a l l  kines- 
The 
The signal c o r r e s -  
We have seen,  however,  in r e p o r t  GERA-1112 
The otolith signal,  however,  on the bas i s  of ear th  adaptation and follow- 
ing a shor t  delay, would be interpreted to mean that "uprr would be toward 
the f ee t  and "down" toward the  head. While the magnitude of the measured  
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acce lera t ion  would only be one-half that  which would be  experienced in an 
inverted position on ea r th ,  experimental  data  show tha t  the sys t em de te r -  
mines  the direct ion of resu l tan t  fo rces  acting on the  body as  in  the  c a s e  of 
of a subject  in a centr i fuge without r ega rd  f o r  the  magnitude of t h i s  r e su l -  
tant. 
r e s p e c t  t o  the  ve r t i ca l  and the horizontal, a constant accelerat ion s ignal  
toward the  feet ,  o r  a r e su l t an t  force  d i rec ted  toward the head, can only 
signify tha t  gravi ty  is acting i n  the opposite direct ion o r  toward the head 
and th i s ,  in  tu rn ,  would be interpreted in perception as  being upside down. 
The percept ion of f r e e  fall, feet first, in the first second o r  so  of the  fall 
when air d r a g  is negligible would produce a s i m i l a r  f o r c e  react ion,  but 
would produce, a l so ,  a sensat ion of velocity which is not p re sen t  in weight- 
les sne  s s. 
To a man who is adapted to  organize h is  spa t ia l  orientation with 
The perceptua l  interpretat ion of the upside-down s igna l  produced by the 
otoli ths may differ grea t ly  with different pe r sons ,  depending on the i r  pas t  
exper ience  and conditioning. 
of being upside down with significant dis turbances.  In o ther  c a s e s  v isua l  
data  may doiiiiiiiite and up o r  dgwr? may he associated with the  orientation 
of the  cabin. In still other  cases, t h e r e  may be  a "somet imes  you s e e  it 
and somet imes  you don't" vague sensation of being upside down with a c l e a r  
intel lectual  s ense  of orientation with the  cabin. The feeling may o r  may 
not hold unconscious th rea t s ,  depending on previous  conditioning. Some 
Amer ican  a s t ronau t s  have experienced lightly dis turbing sensa t ions  of be-  
ing upside down while s o m e  of the  Russian cosmonauts  have been severe ly  
1 dis turbed.  
In some c a s e s  it may c a u s e  a clear sensat ion 
- b. F a l s e  Sense of Linear  Movement 
A s  indicated earlier, every  movement of the head in an  e a r t h  environment  
m u s t  be  accompanied by a compensatory reac t ion  t o  cance l  out t he  effect  
of grav i tyac t ing  on the  otoli ths and producing s igna ls  which would be nor -  
mal ly  in te rpre ted  as signifying linear movements.  
the head is rotated without s emic i r cu la r  cana l  s igna ls ,  v i sua l  o r  kinesthe- 
tic da ta ,  as in the c a s e  of constant rotat ion of a subject  i m m e r s e d  in  wa te r ,  
W e  have seen  tha t  when 
P a r a g r a p h  1, Appendix. 
1 
-38- 
P A R T  111 GERA-1158 
the re  a r e ,  indeed, sensat ions of l inear movement. In weightlessness 
the re  is no change of otolith signals upon inclination of the  head, but t h e r e  
a r e  semic i r cu la r  canal signals,  and for a man adapted to an ea r th  environ- 
ment, a compensa tory  reaction should occur. 
the normally -occurring otolith signals would produce an illusion of l inear  
displacement,  o r  a conflict of sensory data  with a nausea  syndrome. 
This  react ion by itself without 
The reaction of moving the head in weightlessness b e a r s  some  s imi la r i ty  
to that  of being rotated continuously while i m m e r s e d  in  water. 
c a s e s  the synergetic interactions between semic i r cu la r  cana ls  and otoliths 
developed a s  the r e s u l t  of n o r m a l  body activity on the sur face  of the ea r th  
a r e  lacking. 
a s  demonstrated by Stone and Letko for  the i m m e r s i o n  case.  
ence between the two c a s e s  is that in weightlessness t h e r e  a r e  semic i r cu la r  
without corresponding otolith signals, while in the  immers ion  tests t h e r e  
a r e  otolith without s emic i r cu la r  signals. W e  have seen,  also,  that  the 
sensory data  in the  immers ion  t e s t  can be organized into coherent  percep-  
tion without conflict o r  threat. This is not necessar i ly  the c a s e  in  weight- 
l e s s n e s s  and ii disturbance may OCCE a s  the r e s u l t  of head movements. 
In both 
T h e r e  should be i l lusory l inear  displacemnnt in both c a s e s  
The differ-  
It m u s t  be c l e a r  that  the effect would occur  not only in weightlessness but 
a l so  in reduced gravity. The compensatory react ions adapted to an ear th  
environment  a r e  computed on the basis  of 1-g. 
magnitudes a r e  required for  an  environment other  than 1-g and it would be 
expected, therefore ,  that  a man adapted to  a n  e a r t h  environment  would 
experience difficulties on the moon without fur ther  adaptation. 
Reactions of different 
The situation is quite analogous to  that of the ,so-called Coriolis illusion. 
A man adapted to l ive in a slow rotating room experiences difficulties 
when the speed of rotation is changed o r  the rotation is stopped entirely. 
It could be, however,  that  the pitching illusion experienced in the Coriolis 
i l lusion is m o r e  disturbing than an  illusion of l inear  displacement in weight- 
lessness .  
Goiitiiig in  space v h e r e  there should be no th rea t  of a fall. 
A t  l e a s t  th i s  may be  t rue  while si t t ing in  a cha i r  in a cabin o r  
It is possible,  
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however, that  such  a react ion would be highly dis turbing while walking on 
the su r face  of the moon. 
An i l lusion of l i nea r  displacement  could then c r e a t e  a disturbing th rea t  
of a fall ove r  jagged lava flow with the possible  puncturing of the p r e s s u r e  
s u i t  and may,  indeed, r e s u l t  in  an  actual fall. 
While it appea r s  tha t  Amer ican  as t ronauts  have not  experienced d is tur -  
bances as the  result of head movements,  it could b e  that  in the space 
miss ions  to da te  the head movements of as t ronauts  have been minimized 
and that,  as in slow rotat ing rooms ,  the deg ree  of d i s turbance  depends on 
the frequency of head motions r a the r  than on the t i m e  spent  in  the environ- 
ment. With g r e a t e r  activity,  m o r e  head movements  would have been 
n e c e s s a r y  and m o r e  d is turbances  might have been experienced. 
tu rbances  accompanying head movements have been recorded ,  however, 
1 but mainly with Russian cosmonauts. 
that  t h e  manner  in which Amer ican  as t ronauts  a r e  selected and/or t ra ined 
is effective in minimizing stresses under the space  s i tuat ions encountered 
to date.  
Some d i s -  
In any c a s e ,  it appea r s  ce r t a in  
- C. Flight Training a s  Conditioning fo r  Space Environment  
Amer ican  a s t ronau t s  have been selected f rom among well-qualified j e t  
pilots. 
i n s t rumen t  flying, var ious  air  maneuvers ,  and have had many flight hours  
following completion of the i r  training. A l l  of t h i s  r e p r e s e n t s  considerable  
conditioning to  an environment  vastly different  f rom that  normally found on 
the su r face  of the  earth.  
by no means  r igorously established, it is possible  to visual ize  intuitively 
how such  conditioning may apply to living in a s p a c e  capsule  o r  floating in 
space.  
A pi lot ' s  mode of orientation in  flight is quite different  f rom that  on the 
ear th .  
angle  of a t tack of the plane,  for  instance,  with r e s p e c t  to the air m a s s  may 
be of g r e a t e r  s ignif icance than its attitude. 
They have the re fo re  undergone a r igorous  t ra ining in aerobat ics ,  
Although theo r i e s  of adaptation and perception a r e  
In the  first place,  the  ver t ica l  l o ses  much of its significance. The 
A minor devirrticrn of the 
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I 
orientation of the body with r e s p e c t  to the ver t ica l  involves no th rea t  of a 
fall as  it does on ear th .  The pilot is s t rapped  t o  a s e a t  in  the  cabin and 
identifies h i s  att i tude with that  of the airplane.  The main t h r e a t s  to  the 
pilot a re  re la ted  t o  occur rences  such as stalls, uncontrolled s ide  slip, 
excess ive  gravi ty ,  which have no cor respondence  on earth.  Fu r the r ,  the  
s e n s e  o rgans  of the pilot  a r e  ill-adapted to  de t e rmine  the  att i tude of the 
plane. 
t r ack  of the ver t ica l  in a turn ,  and s imi la r ly  the semic i r cu la r  t i m e  con- 
s tant  is thoroughly inadequate to measu re  the amount  of the  turn.  
been adapted to flying during his evolutionary development, he may have 
acquired long-time constant  organs  l ike b i r d s  o r  f i sh ,  but even these  would 
be inadequate fo r  high-speed flight. 
r e g a r d  h i s  internal ly  built-in navigational s y s t e m  and depend ent i re ly  on 
cockpit  instrumentat ion when flying blind. It may be guessed tha t  during 
flight vest ibular  s ignals  a re  s u R r e s s e d  at the  pe r iphe ra l  level. 
a r e  u s e l e s s  and, indeed, dangerous i f  re l ied upon. 
The integration t ime constant of the otoli ths is far too shor t  to keep 
Had man 
A s  it is, a pilot mus t  l e a r n  to  d is -  
The i r  data  
A pi lot  mus t ,  therefore  , develop through adaptation a n  ent i re ly  different  
mode of spatial orientat im and representa t ion  with a different  schedule of 
threatening situations. 
cannot be establ ished in any c a s e  by vest ibular  o r  kinesthetic senses .  
s tudent  pilot who is originally dis turbed by s imple  aerobat ics  on the b a s i s  
of h i s  e a r t h  experience lo ses  a l l  fear  .as he  becomes  adapted to  t h e  new 
environment. 
a d is turbance  when h e  first looks out t he  window of a plane while in a bank, 
but he ,  too, l e a r n s  to adapt  to this  situation. 
The ve r t i ca l  l o s e s  much of its significance and 
The 
Even the passenger  of a c o m m e r c i a l  a i r l i n e r  may experience 
A t  the s a m e  t ime,  the  pilot of a jet  a i rp lane  during var ious  maneuvers  
exper iences  widely varying g 's ,  f rom ve ry  high-g in  a pullout t o  less than 
1-g in  a pushover. These  per iods of other  than I-g a r e  re la t ively lengthy 
with r e s p e c t  to  vest ibular  t i m e  constants. A tu rn  of the head caused by a 
voluntary movement o r  a r o l l  of the plane should then cause  sensa t ions  of 
l i n e a r  displacement.  
cont rad ic t  o the r  sensory  data  as in formation flying o r  may simply be 
These  sensat ions a r e  probably suppressed  if  they 
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accepted as t rue ,  modifying slightly the ac tua l  flight pat tern without con- 
flicting sensory data. 
Flight a s  a passenger  would appear  to be a poor substi tute for  flight t ra in-  
ing a s  it is one of the basic  rules of adaptation o r  learning that it takes 
place m o r e  effectively a s  the r e su l t  of willed r a t h e r  than passive actions. 
Pi lot  training, therefore ,  mus t  be more  effective in  conditioning an a s t ro -  
naut than flight a s  a passenger.  In any case ,  t he re  appears  to be a c l e a r  
explanation of why Amer ican  astronauts  selected f r o m  proficient jet pilots 
experienced little disturbance in space, while s o m e  of the Russian cosmo- 
nauts, not selected on the s a m e  basis,  w e r e  disturbed. More specifically,  
why Amer ican  astronauts  w e r e  l e s s  disturbed by upside-down feelings,  or 
w e r e  not significantly disturbed by head movements.  
- d. Possible  Limitations of Flight Training a s  a Universal  Conditioner for  
Space Explorations 
While flight training and flight experience have proved effective in the con- 
ditioning of an astronaut  for  l ife in a space  capsule  
it cannot be assumed that they wi l l  be equally effective for  every space 
environment. 
fo r  floating on the s e a  in  a capsule while awaiting rescue. 
have been a bet ter  conditioning program for  this situation and possibly 
would be be t te r ,  a lso,  for  some space environments. 
ing on the sea is not a space  situation. 
the s t r e s s i n g  fac tors  under both conditions. 
involves, a s  in the c a s e  of space,  some  t u r n s  of the  head during conditions 
o ther  than 1 -g because  of the r i s e ,  fall,  and ro l l  of the capsule. 
adaptation applied only to  conditions s imi l a r  to flight. 
no over-al l  suppression of vestibular data. 
- 1  or for floating in  space,  
It is certainly totaily ineffective iil coiiditioning ZE actrc?nai~t 
Sea duty may 
It is t r u e  that  float- 
Still, t he re  a r e  s imi l a r i t i e s  between 
Sitting in a floating capsule  
Flight 
T h e r e  is, of course ,  
A p e r s o n  may be adapted to m o r e  than one situation and pass  rapidly f rom 
one to the other. 
during and following a spin, but only during th i s  period. 
lie i-ecovers the nc?rmal iuse of his vestibule. 
A ska ter  mus t  suppress  h is  emic i r cu la r  canal  signals 
After h i s  spin,  
3 A sa i lor  may experience a 
P a r a g r a p h  3 ,  Appendix. 2Pa rag raph  4, Appendix. 3Pa rag raph  5, Appendix. 1 
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slight ver t igo when he  s t eps  on a pier  after a long s e a  voyage, but the re- 
adaptation to  an e a r t h  environment  i s  rapid. 
he r e c o v e r s  the full and n o r m a l  operation of his  vestibule,  the vertical 
r e a s s u m e s  its significance, and he is no longer  dependent on ex terna l  
instrumentat ion to maintain h i s  equilibrium. 
When a pilot re turns  to e a r t h  
A l l  of th i s  only emphas izes  the  fact that adaptation mus t  be for specific 
situations. 
dominant so that  he  will ignore  vestibular s ignals  f o r  a l l  situations. 
a p p e a r s  that  space  s i tuat ions in a capsule o r  floating in space  a r e  s i m i l a r  
enough to flight conditions tha t  conditioning fo r  the l a t t e r  is effective in 
the f o r m e r  case. 
conditioning would be equally effective in all space  situations. 
It does  not appear  possible to  make a man completely visually 
It 
It would be dangerous,  however, to a s s u m e  that  flight 
5. ROTATING SPACE PLATFORMS 
It h a s  been proposed to ro t a t e  space  p la t forms  at slow velocity in  o r d e r  t o  pro-  
vide s o m e  ar t i f ic ia l  gravity. 
have been investigated on the ear th .  
i l lus ions  accompany head movements,  bu t  that subjecis  caa ii:tiiiiatc?j7 
adapt  to  the  conditions and af te r  s e v e r a l  days in th i s  environment  be  relat ively 
f r e e  of disturbances.  
in  a rotat ing space  platform. 
gravi ty  substant ia l ly  less than 1-g as  the adaptation to the high rotat ional  
ve loc i t ies  n e c e s s a r y  t o  provide accelerat ion approximating 1 -g is difficult with 
p l a t fo rms  of a p rac t i ca l  size.  
poss ib le ,  f o r  instance,  with speeds  of about 5 rpm. With a platform 15 f t  in  
d i a m e t e r ,  a g-force of about 1/15 g would be experienced at the per iphery and, 
of c o u r s e ,  would be  less at a s h o r t e r  radius. The condition would be near ly  
tha t  of weight lessness .  The s ignal  given by the otoli ths would be  in te rpre ted  
by one adapted to an e a r t h  environment as  a constant  acce lera t ion  somewhat 
less than 1-g and d i rec ted  toward the feet, causing the perception of being up- 
s ide  down. 
The likely reac t ions  to  a rotating environment 
It w a s  found that highly disturbing Coriolis 
It is w e l l  to examine the l ikely reac t ions  to b e  expected 
These platforms wi l l  provide f o r  an artificial 
Reasonably good adaptation h a s  been shown 
It could be  tha t  flight training may e l imina te  th i s  sensat ion as it 
P a r a g r a p h  6, Appendix. 1 
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does  in  a flight capsule.  
are  now quite d i f fe ren t  f rom those of a n  a i rp lane  cockpit  o r  a space  capsule.  
The as t ronaut  is now walking about in a situation resembl ing  tha t  of the s u r -  
face of the earth.  
tion and, i f  so, perce ive  himself as walking on the  ceiling. 
On the other  hand, the conditions in a space platform 
It may be assumed that he  would r e t u r n  to his ea r th  adapta- 
During a tu rn  of the head two reac t ions  would take  p lace  simultaneously: 
(1) a pitching sensat ion caused by Coriolis i l lusion, and ( 2 )  a l inear  displace-  
ment  sensat ion because  of the l e s s  than 1-g environment. 
complex environment  would probably take p lace  ult imately,  but it is reasonable  
to expect  tha t  it would be much m o r e  difficult than in  a slow rotat ing room on 
the  surface of the earth.  Such adaptation would have to reso lve  th ree  conflicts: 
the  feeling of being upside down, the sensed l i nea r  d i sp lacement  when the head 
is moved, and Coriolis illusion. Fu r the r  investigations of the  problem appear  
indicated. 
Adaptation to this  
6.  WALKING ON THE MOON 
An as t ronau t  without prev ious  adaptation may exper ience  a number  of dis turb-  
ing r e a c t i o n s  while walking on the moon. 
1. Reduced Muscular Effect 
Because  of the  reduction of gravi ta t ional  f o r c e s  to one-sixth that  exper-  
ienced on the ea r th ,  na tura l  re f lexes  adapted to  e a r t h  movements  may be 
suff ic ient  to  cause  over-correct ion for  an unbalance of the body. 
s e e m ,  however,  that  t he re  should be relat ively fast adaptation to th i s  
situation. 
not be  too different  f rom that  of being i m m e r s e d  in water .  
f r o m  as t ronau t s  in weight lessness  a r e  to the effect tha t  the reduction of 
grav i ty  results in  a r a t h e r  pleasant sensation. 
d i f fe rence  between walking and being seated in a cabin o r  floating in space ,  
it would appear  that  some  of the 'Peter Pan" t e s t s  would have provided a 
d e g r e e  of adaptation to th i s  condition. It would s e e m  tha t  difficult ies,  if 
preser;t, shcu!c! r e s ~ i Z t  from vest ibular  sensors .  
It would 
The experience of less gravity on kinesthetic s e n s o r s  would 
A l l  r e p o r t s  
While the re  might be a 
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2. The Upside-down Sensation 
In an  e a r t h  environment any accelerat ion of less than 1-g act ing on otoli th 
organs  is in te rpre ted  at first as a fall, feet first, with a n  acce lera t ion  
equal to the reduction of gravity. 
rapidly to  be in te rpre ted  as movement and is normally in te rpre ted  on e a r t h  
as defining the vertical .  A s  discussed earlier, for  t he  case of weightless- 
n e s s  and slow rotat ing p la t forms ,  a constant  acce lera t ion  of less than 1-g 
can be in te rpre ted  as  signifying that the body is upside down. 
be, therefore ,  a feeling of being upside down on the moon. 
of weight lessness ,  however, where up is always or iented toward the feet  
r e g a r d l e s s  of the orientation of the body, up would be toward the  cen te r  
of the  moon. 
tion would take place. A somewhat s i m i l a r  adaptation t akes  place on 
e a r t h  when a person  is fitted with g l a s ses  which inve r t  h i s  vision. A f t e r  
a while the  s y s t e m  adapts  so tha t  *upn fo r  vision coincides  with nupn f o r  
otol i ths  and kinesthetic sensors .  The point, however,  is tha t  a s t ronau t s  
will  r e m a i n  on the moon f o r  only shor t  per iods  and t h e r e  will not  be much 
time f o r  adaptation. 
A s teady accelerat ion,  however,  ceases 
There  could 
Unlike the  c a s e  
It is difficult to predict  how rapidly adaptation to  th i s  condi- 
It is difficult  to  pred ic t  what effect flight conditioning may have on this  
i l lusion o r  what may be the r e s u l t  of having spent cons iderable  t ime  in 
weight lessness  before  a n  astronaut  lands on the moon. 
l ikely,  however,  that  once an  as t ronaut  begins to walk on the  moon, he 
will  r e v e r t  t o  h is  ea r th  adaptation. The re  may be, then, an  upside-down 
feeling, o r  pe rhaps  only a nausea syndrome as the r e s u l t  of conflicting 
senso ry  data. 
It would s e e m  
3 .  Effec t  of Head Movements 
A s  indicated e a r l i e r ,  compensatory r eac t ions  m u s t  occur  in an e a r t h  
environment  when the head is inclined with r e spec t  to gravi ty  e i the r  
through a voluntary movement of the head with r e s p e c t  to the  body, o r  as  
a r e s u l t  of a movement of the body and head a s  a whole. The magnitude 
of t h e s e  compensa tory  reac t ions  must  be different for different  va lues  of 
gravity.  
' P a r a g r a p h  4, Appendix. 
React ions adapted to an  e a r t h  environment  are  inappropriate  for 
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weight lessness  o r  a subgravity condition as on the moon. We have seen 
tha t  f l ight conditioning a p p e a r s  to have minimized these  d is turbances  in  
weight lessness  but h a s  been ineffective in  the c a s e  of floating on the s e a  
in a capsule  while awaiting rescue.  Still, the  dis turbance in  the sea is p ro -  
bably caused in  p a r t  by a combination of slow up-and-down movements 
combined with r o l l  and, therefore ,  by the s a m e  mechanism of inappropriate  
compensatory r eac t ions  to the inclination of the head for  different  g-condi- 
tions. It may b e  pointed out i n  passing tha t  adaptation to th i s  condition is 
r a t h e r  complex and depends on the development of anticipatory reac t ions  
computed on t h e  b a s i s  of both the  g-value and the amount of t u r n  of the 
head. 
complex task  to make it possible for s a i l o r s  to acqu i r e  t h e i r  s e a  legs. 
It appea r s ,  however, that  the biological sys t em can  pe r fo rm th is  
Again, the  a s t ronau t s  when walking on the moon will probably r e v e r t  to 
t he i r  e a r t h  adaptation and flight t ra ining may be of l i t t le value in reducing 
the d is turbances  caused  by head movements. It is t rue ,  however, that  
head movements  wi l l  be minimized during a walk on the  moon in a s t i f f  
space  suit. 
9 turn ef the head, he may then reac t ,  l ike  Lowenstein's  f ish,  with a violent 
reac t ion  of inappropr ia te  direct ion with a fall t he  resul t .  
of c o u r s e ,  tha t  when we speak of a turn  of t h e  head it is with r e s p e c t  to  
space ,  not with r e s p e c t  to the body. 
s e r i o u s  considerat ions.  
Still, i f  an  as t ronaut  should temporar i ly  lo se  h is  balance with 
It must  be clear, 
It appea r s  tha t  the  problem m e r i t s  
7. CONCLUSIONS 
1. The theory of the  separat ion of gravity f rom accelerat ion as developed in  
r e p o r t  GERA-1112 and amplified in  t h i s  concluding r e p o r t  s e e m s  to pro- 
vide a clear explanation fo r  the  observat ions made to da te  of the r eac t ions  
of man in space  situations.  The theory is cons is ten t  with var ious  exper i -  
men ta l  data  as repor ted  in the l i terature .  
2. The theory p red ic t s  that  two types of or ientat ion d is turbances  may be  ex- 
pected when man is t r a n s f e r r e d  from a n  e a r t h  to  a subgravity environment 
without prev ious  adaptation: 
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(1) A feeling of being upside down 
( 2 )  An il lusory sense of l inear  motion when the  head is 
inclined with r e spec t  to space. 
3.  Flight training appears  to be ideal  conditioning for  man in  space  when 
confined to a capsule  o r  free floating in space. 
quate, however, fo r  other space environments. 
It does not appear ade- 
4. Adaptation to a rotating space platform appears  to be m o r e  difficult than 
adaptation to a slow rotating room in an  e a r t h  environment. 
5. Astronauts  walking on the moon may experience significant difficulties. 
Flight training does not appear  to be of value in conditioning an astronaut  
to this  situation. 
6. A p r o g r a m  for continued investigation of the problems is recommended. 
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4. Dr. Walter H Johnson of the Banting Institute, Toronto,  Canada kindly 
answered  quest ions regard ing  h is  observations on the  effect of head motion 
on the  incidence of motion sickness.  He mentioned tha t  t he  effect is p r e s e n t  
during l i nea r  up-and-down acce lera t ion  a s  in an elevator.  To the  knowledge 
of the  author,  t h e r e  is no explanation of t h i s  observat ion which c a n  be easi ly  
accounted for  on the b a s i s  of the theory presented here .  
lends weight t o  the prediction tha t  disorientation would occur  on the moon as 
the r e s u l t  of head movements. 
The observat ion 
Doctor Johnson's findings emphasize another significant point: motion s ickness  
is w o r s e  when the  in te rpre ta t ion  of t he  sensory  data  becomes  m o r e  complex. 
This  would lend weight to  the prediction that  adaptation to a rotat ing space  
platform would be much m o r e  difficult than adaptation t o  a slow rotating room 
on the su r face  of the  earth.  
data  would be much m o r e  complex in the l a t t e r  case. 
A s  indicated earlier, the  in te rpre ta t ion  of s enso ry  
5. Dr.  Will iam E Collins of the Civil  Aeromedical  Insti tute,  Fede ra l  Aviation 
Agency, Oklahoma City,  Oklahoma presented a pape r  entitled "Some Special  
Ef fec ts  of Visual  Vest ibular  Interaction of Nystagmus and Subjective Responses  
to Angular Acceleration. 
r eac t ions  of s k a t e r s  during and following a very fast spin. 
manner  in  which adaptation to  a condition may or may not be t r ans fe r r ed  to 
another  condition. 
a s t ronau t s  to space  conditions. 
and a sudden stop can  maintain the i r  balance perfectly well with eyes  open, 
but  have cons iderable  difficulty with eyes closed. It can  be  speoulated that  
post-rotational vest ibular  s ignals  a r e  suppressed when vision is p resen t  but 
a r e  re -es tab l i shed  without vision. Conceivably, compensatory reac t ions  could 
have developed t o  harmonize  vest ibular  s ignals  with vision. In any case ,  the  
ska ters ,  following a fast spin and a sudden stop, mus t  have a clear r ep resen -  
ta t ion of space  with eyes  open. A subject without previous conditioning would 
ce r t a in ly  have difficulty in maintaining h i s  balance under the s a m e  conditions 
even with e y e s  open. 
The paper  covered an investigation of vestibukir 
It i l lustrated the 
This  paper  is par t icular ly  re levant  to the adaptation of 
He showed that  s k a t e r s  following a fast spin 
-49- 
GERA - 1158  
APPENDIX 
The author  attended the meeting of the Aerospace Medical Association in  L a s  Vegas,  
Apr i l  18 through Apr i l  21, following final typing of r e p o r t  GERA-1158. 
points of interest to the  thes i s  developed h e r e  w e r e  picked up during meet ings and 
informal  d iscuss ions  with participants.  
with the thought tha t  they could be  incorporated l a t e r  in  a m o r e  comprehensive re- 
po r t  o r  paper. 
Severa l  
They a r e  mentioned briefly in this  appendix 
1. Col. F Borman,  in  h i s  luncheon ta lk  on Apri l  20, mentioned having experienced 
a vague sensat ion of being upside down. H e  insis ted that  the sensation w a s  not 
dis turbing and that  he maintained at all t i m e s  a clear knowledge of the or ienta-  
tion of h i s  body with r e s p e c t  to the cabin. 
s igna ls  in the weightless condition were  such a s  to  *meann an upside-down 
posit ion on the  b a s i s  of an  ea r th  conditioning. 
extensive flying experience th i s  interpretat ion was a lmos t  completely sup- 
p r e s s e d ;  sufficiently s o  to avoid any disturbance, not  enough to e l iminate  it 
entirely.  Common life experience is rep le te  with s i m i l a r  c a s e s  of vaguely 
sensed  impress ions  in conflict  with known rea l i t y ,  but causing nu disturbance. 
It can  be speculated that  h i s  otolith 
Because of Colonel Borman's 
Some of t he  Russian cosmonauts  chosen f rom among sc i en t i s t s  without flight 
exper ience  were  not so  for tunate  and found the i l lusion very r e a l  and very  
disturbing. 
and i n  the  d is turbance  it may c rea t e ,  depending upon previous conditioning. 
T h e r e  are obviously deg rees  in the sensed  r e a l i s m  of an illusion 
2. M r .  Richard  E W a i t e  of the Manned Spacecraf t  Center  in Houston, Texas  
mentioned a Russ ian  r e p o r t  he had recently received descr ibing d is turbances  
a s  the  r e s u l t  of head movements  in weightlessness.  
3. Colonel Borman mentioned in  his  talk that the  over-al l  feeling of being in 
o r b i t  in  a space  capsule  is quite s imi l a r  to that  of flying a n  airplane.  
c o m m e n t  lends  additional weight to the  a rgument  presented  e a r l i e r  that  adapta- 
t ion to  a i rp l ane  flight is t r ans fe rab le  to the space  situation. 
This  
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If a s k a t e r  is rotated in  a cha i r ,  h e  exhibits l e s s  nystagmus and h a s  a s h o r t e r  
sensat ion of rotat ion than a n o r m a l  subject. 
ice c a r r i e s  over ,  a t  least in par t ,  to a rotating chair .  Presumably ,  however, 
it does not c a r r y  ove r  to n o r m a l  body activity and t h e  s k a t e r  r e s u m e s  the full  
u s e  of h i s  vest ibular  appara tus  in a c t s  such as walking o r  jumping. 
The conditioning to the  spin on the 
In a l a t e r  in formal  conversat ion Doctor Johnson pointed out tha t  some of his  
prev ious  work proved tha t  adaptation to ca lo r i c  s t imulat ion is not  t ransferab le  
to rotat ion o r  vice versa .  In o ther  words, it is c l e a r  that  any given condition- 
ing resu l t ing  in suppress ion  of vestibular s ignals  appl ies  only to si tuations 
s i m i l a r  to  those under which the conditioning had taken place. No over-al l  
suppress ion  of vest ibular  s ignals  appears  possible  for all conditions by any 
conceivable  conditioning. 
t ra ining will  t r a n s f e r  t o  walking on the  moon although it appea r s  to t r a n s f e r  to 
l iving in an orbit ing space  capsule.  
It cannot be assumed that  conditioning for flight 
6.  The talk of a Russian sc ien t i s t  during an evening meet ing emphasized goals  
s i m i l a r  to  those expres sed  h e r e  - an interest in the b roade r  adaptive p r o c e s s e s  
of l iving s y s t e m s ,  of the origin of life, etc. A s  one r e a d s  Russian l i t e r a tu re ,  
one cannot  fail to  note a m o r e  profound i n t e r e s t  i n  b a s i c  i i v i i i g  processes thsrn 
is usual ly  exhibited in  Amer ican  l i terature .  It could be  that  Russia 's  or iginal  
diff icul t ies  with or ientat ion in  space  may spa rk  a m o r e  bas ic  approach to bio- 
log ica l  p rob lems  which may ultimately workin  the i r  favor. 
the Russ i an  fa i lure  to develop l ight warheads for  t he i r  mi s s i l e s  led to the i r  
advantage in the development of higher t h rus t  rockets.  
A m o r e  bas ic  approach does  not  mean a less p rac t i ca l  one. 
theory  is, of cour se ,  i n  the  long run its capability to p red ic t  occu r rences  and 
make  it possible  to a t ta in  des i r ed  goals. 
Dr.  G Melvil l  Jones  presented  a paper on the record ing  of s ingle  otolith 
f i b e r s  when a vest ibular  prepara t ion  is acted upon by a constant accelerat ion 
of continuously changing direction. 
c a n  b e  fully predicted on the bas i s  of the model presented  in e a r l i e r  repor t s .  
In a s imi l a r  way 
The t e s t  of any 
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7. 
It is believed tha t  the response  he repor ted  
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